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Abstract
Rapid prototyping, additive manufacturing and solid free-form fabrication describe technologies that
translate virtual computer added design data into physical models in a fast process. The model data
is divided into multiple two-dimensional cross sections of a certain thickness. The cross sections
are processed by the prototyping device in order to combine and join them together in a layer-by-
layer fashion into a physical part. Rapid prototyping offers freedom of design which gives access to
novel shapes and geometries. Digital light processing is a rapid prototyping technique employing
photopolymerization processes to additively assemble parts. It involves a liquid photopolymer in a
vat that is cured throughout light activation.
This thesis describes how rapid prototyping, especially digital light processing, can be applied in the
field of membrane technology. The aim of this thesis is to establish a bridge between both fields and
show new opportunities by focusing on the fabrication of membranes via rapid prototyping first and
pursuing the design of novel membrane devices next. A literature review on rapid prototying and it’s
application in process engineering is followed by the development and analysis of new membrane ge-
ometries regarding mass transport and pressure drop. Furthermore, the two unprecedented methods
of membrane fabrication via rapid prototyping are described. Both methods fabricate membranes
are based on silicon polymers with excellent gas transport properties. Moreover, a novel membrane
module is manufactured using the freedom of design of rapid prototyping. The developed membrane
stirrer device for in-situ product recovery in a bioreactor is unique in function and design and remains
inaccessible with conventional manufacturing techniques.
Finally, additional applications in the field of rapid prototyping of dense and porous membranes are
analyzed and the potential of rapid prototyping for advanced membrane modules are technology are
revealed.
Zusammenfassung
Rapid Prototyping ist ein generatives Fertigungsverfahren, welches Bauteile in einem schnellen Ver-
fahren Schicht fu¨r Schicht fertigt. Eine drei-dimensionale Bauteildatei wird virtuell in Scheiben
geschnitten und anschließend in einem Rapid Prototyper produziert. Dabei werden die einzelnen
Scheiben nacheinander zu einem fertigen Bauteil verbunden. Hierdurch ko¨nnen Bauteile mit Geome-
trien realisiert werden, die mit klassischen Verfahren nicht gefertigt werden ko¨nnen. Ein spezielles
Verfahren ist Digital Light Processing, welches einen flu¨ssigen, photosensitiven Kunststoff durch
Lichteinwirkung polymerisiert und so feste Bauteile mit freien Hohlra¨umen entstehen lassen kann.
In der Membrantechnik findet Rapid Prototyping bisher kaum Anwendung. Diese Arbeit zeigt wie
Rapid Prototyping, insbesondere Digital Light Processing, in der Membrantechnik genutzt werden
kann. Im Fokus ist zum einen die Herstellung von Membranen durch Rapid Prototyping und zum an-
deren die Herstellung von Membranmodulen. Nach einem Literaturu¨berblick u¨ber Rapid Prototyping
und seiner Anwendung in der Verfahrenstechnik werden neuartige Membrangeometrien erforscht und
deren Einflu¨sse auf Stofftransport und Druckverlust analysiert. Danach zeigt diese Arbeit die ersten
beiden Mo¨glichkeiten Membranen mit Hilfe von Rapid Prototyping drei-dimensional herzustellen. In
beiden Methoden bestehen die Membranen aus einem silikonbasierten Kunststoff der exzellente Gas-
transporteigenschaften besitzt. In Anschluss wird die Designfreiheit des Rapid Prototyping genutzt
um ein neuartiges Membranmodul zur in-situ Produktgewinnung in Bioreaktoren zu fertigen. Das
entwickelte Membranru¨hrermodul ist einzigartig in Funktion und Design und daru¨ber hinaus mit
herko¨mmlichen Fertigungsmethoden nicht zu herstellbar.
Zum Abschluss werden Chancen und Mo¨glichkeiten fu¨r Rapid Prototyping von dichten und poro¨sen
Membranen analysiert sowie das Potenzial zum Bau von verbesserten Membranmodulen aufgezeigt.
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Chapter 1 Scope and outline of this thesis
1.1 Scope
Membrane technology comprises processes in chemistry, engineering or medicine where a thin barrier
- the membrane - is utilizes for filtration, purification or separation of fluid streams. The streams
contain liquids, vapors or gases with solids and transport a desired component from feed through
the membrane to the permeate while leaving undesired components in the retentate stream. The
membrane determines by permeability and selectivity how efficient and effective the membrane pro-
cess runs. The flux over the membrane depends on the intrinsic membrane and feed properties and
the imposed operation and hydrodynamic conditions. In liquid based membrane processes the per-
formance declines with concentration polarization and fouling. Concentration polarization describes
the enrichment of a retained dissolved or particle component near the membrane surface. Depending
on the membrane application this phenomena leads to higher energy demands, flux-decline and/or
membrane fouling.
Literature suggests various techniques to enhance the performance of membrane processes by re-
ducing concentration polarization. These include secondary flows with Dean vortices and Taylor
flows, flow channel spacers, pulsed flows or rotating membranes[1]. All these methods include ge-
ometry as a key component for the performance enhancement. Hence, geometry the adjusting
parameter to tailor especially the hydrodynamic conditions within membrane processes and reduce
the mass transfer resistances in the module. That geometry matters has been proven in different
membrane applications. Feed and permeate spacers promote turbulences in the channels between
flat-sheet membranes. Changing the spacer geometry can lead to higher performance, lower pressure
drops and sharper molecular weight cut-offs.[2,3] The incorporation of static mixers in microfliudic
gas-liquid contactors promotes higher mass transport and simultaneously lower channel pressure
losses.[4] Coiled hollow-fibers induce dean-vortices in liquids which prevent concentration polariza-
tion and boost membrane performance in gas-liquid-contacting.[5] Non-circular hollow-fibers perform
different compared with circular ones.[6–11] The plateau length beyond the ohmic region in electro
dialysis decreases significantly.[12] This exemplary selection indicates that membrane performance
and geometry closely linked.
The feasibility of a certain shape or geometry is given by the available fabrication technology. Tradi-
tional shape cutting technologies lack freedom of design in many ways. In contrast, rapid prototyping
generates nearly any desired shape. With this ability at hand, this thesis tries to implement rapid
prototyping as a manufacturing technique in the field of membrane technology. Rapid prototyping is
used to make novel shapes and geometries to boost membrane performance. This thesis establishes
rapid prototyping in the membrane science and reveals the potential and value of rapid prototyping
within the field of membrane technology.
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Figure 1.1: Structure of this thesis described chapter-wise to establish rapid prototyping in mem-
brane technology
1.2 Outline
In Chapter 2, an overview of state-of-the-art rapid prototyping techniques is presented. The indi-
vidual advantages and limitations of the given fabrication methods is evaluated. Furthermore, the
state-of-the-art applications of rapid prototyping for fluid processes in biomedical, lab-on-a-chip and
fluid handling devices is reviewed.
Chapter 3 postulates the hypothesis that heat and mass transfer can benefit from newly designed
channel geometries. The chosen geometries are based on minimal-surfaces. The chapter tries to
answer the question which three-dimensional membrane geometry is best for intensified transport.
An evaluation of the performance of such structures for novel membrane shapes is given. An anal-
ogy between heat and mass transport is used to transfer experiments from minimal-surface micro
heat-exchangers to membrane processes.
Given the identified novel membrane geometries, Chapter 4 concentrates on the question whether
such geometries can actually be fabricated into functional three-dimensional membranes. It shows
a two-step fabrication process to realize polydimethylsiloxane PDMS membranes for gas-liquid-
contacting. A sacrificial mold is produced by digital light processing and used as negative of the
desired membrane shape. The mold is casted by common polydimethylsiloxane and subsequently
removed to leave a free-standing minimal-surface PDMS membrane contactor.
The indirect fabrication methods leaves the membrane material untouched but requires many prepa-
ration steps: thus a direct printing method of PDMS would be desirable. A simplified and direct
3
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fabrication approach for a three-dimensional membrane is presented and discussed in Chapter 5. A
single-step prototyping method is presented processing a methacrylate modified PDMS membrane
material. The chapter focuses on the questions: how to process a PDMS-based material on a rapid
prototyping machine and still remain its functionality as excellent gas permeable membrane material.
Chapter 6 aims at the question on how to use rapid prototyping to integrate more then one unit op-
eration into a single membrane devices. An all-in-one device for lab and small-scale bio-fermentation
is presented. The device simultaneously stirs the fermentation suspension, removes cell-free product
from the bioreactor, feeds substrate to the reactor and aerates the fermentation broth.
Finally, Chapter 7 evaluates the accomplishments of this thesis. Pitfalls and limitations of the given
results are summarized and further developments of rapid prototyping for membranes and membrane
devices are indicated.
4
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2.1 Introduction
Rapid prototyping describes manufacturing technologies that directly generate physical objects from
virtual computer-aided design (CAD) data. Synonyms are ’additive manufacturing’,’solid free-
form-fabrication’ or ’layer manufacturing technology’. Model data are divided into multiple two-
dimensional cross sections of a certain thickness. These slices represent the solid model. The
cross sections are processed by the prototyping device in order to combine and join them together
in a layer-by-layer fashion into the physical part. Rapid prototyping emerges since the late 1980s
and fabricates parts within a couple of hours. Up to now, twenty different technologies have been
developed.[1] These manufacturing principles differ in their way to generate, combine and join the
model slices. The designed part can either be: directly the functioning prototype, a build tool for
further processing, or a negative mold for casting.[2] Rapid prototyping offers an innovative solution
to the rising market’s pressure. Shorter product life cycles and a reduced time-to-market demand for
faster production techniques with lowered manufacturing costs. Customer needs for individualized
parts of high geometrical complexity rises. Rapid prototyping meets these needs and challenges
common machining techniques as a standard tool in manufacturing and product design. The rising
interest is also visible in research. In recent years, the exponentially growing number of patents
and papers (Fig. 2.1a) prove the emerging development in science and promise significant innova-
tion potential.[3] Mainly rapid prototyping covers the fields of engineering, computer sciences and
materials science (Fig. 2.1b).[3] Although the given fields contain already 70% of number of rapid pro-
totyping papers, fields like physics, mathematics, medicine and chemical engineering consider rapid
prototyping. Rapid prototyping offers several advantages over traditional manufacturing techniques.
Models in nearly any desired geometry can be fabricated.[4,5] Thus, designers have full freedom of
design at hand.[6] Internal structures and thin wall features are possible which are inaccessible with
most conventional manufacturing techniques. A high degree of automation replaces the need for
additional tooling and the direct manufacturing step generates prototypes within hours. Defective
designs and opportunities for improvements reveal at an initial phase and can be corrected at early
product development stages.[5] Although various materials are available for rapid prototyping, the
material choice depends on the prototyping principle.[7,8] Prototyping machineries are expensive and
some materials are rather costly. Additionally, the part’s surface might be rougher compared with
those from common machined ones.
The translation from CAD data via a layer-by-layer manufacturing process to a solid part is described
in Fig. 2.2.[9] The three-dimensional model is usually build with CAD software but also computerized
tomography or magnetic resonance imaging scans can be transformed to a virtual representation of
the desired part.[9,10] After the CAD part is created the model is converted into a STL file, which
is a standard file type for rapid prototyping. The acronym STL stands for ”Standard Tessellation
Language” and includes triangles that represent the surface of the model.[11] It was developed by
6
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Figure 2.1: Research activities for rapid prototyping: a) Evolution of the number of documents
for the search term ’rapid prototyping’ and b) their specific field of application in
percentage.
3D Systems which was the first commercial and is now one of the biggest rapid prototyping ma-
chine manufacturer.[5] Afterward, the STL model is sliced into two-dimensional layers along the x/y-
plane by a machine specific software tool.[12] Each slice of the model is represented by a single
layer which is generated. The solid model is built by merging all layers together. Depending on the
prototyping technique specific support structures might be added to the slices. These additional
supports ensure the correct parts build up. Subsequently, post treatment is usually required. The
extent and treatment process depends on the specific rapid prototyping technique, the duplication
process (e.g. replica molding), the intended use and the demanded quality of the prototype. Post
processing involves the removal of the part from the machine and detaching of potential support.
Support structures are generally required for rapid prototyping techniques, which are based on liq-
uid or powder-based materials. These structures attach the part to the build platform to avoid
levitating layers and stabilize the part during the building. Furthermore, support structures might
be needed to prevent overhanging parts and deformations.[13,14] Post-treatment can also include
surface finishing like sandblasting, sealing or coating to ensure the part’s durability. Some materials
require resintering to increase the mechanical strength.[15] After performing all steps a solid repre-
sentation (direct model, tool or mold) of the CAD model is prepared. The following two chapter
reviews a selection of the most important rapid prototyping technologies and their applications in
fluid processes. Chapter 2.2 describes the different technologies including their functional principles,
7
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CAD model Layer processing
Accumulating
the layers
Converting
into STL file
Post 
processing Finished Part
Figure 2.2: Rapid prototyping process steps from a CAD data to a finished part (adapted from
ref. [9]).
advantages and disadvantages, main fields of application and applicable materials. The prototyp-
ing techniques are sorted by the principle of the layer generation, namely: Photo polymerization,
sintering and melting, extrusion, bonding and lamination (Fig. 2.3). Additionally, machine manufac-
tures, building resolutions, typical layer thicknesses and build sizes are presented in a table format
to demonstrate the technical possibilities. Chapter 2.3 presents the use of rapid prototyping for
fluid engineering processes. The reviewed examples are categorized by fields of application, namely
biomedical applications, micro-fluidic devices and fluid manipulation.
2.2 Rapid Prototyping Technologies
Rapid 
Prototyping 
Techniques
Liquid
Polymerizati
on
Laser
Solid
Polymerizati
on
Lamp
Powder
2-photon 
Polymerizat
ion 
2PP
Stereolithog
raphy 
SLA
Digital Light 
Processing
DLP
Inkjet 3D-
Printing
Wire Foil
Sintering Melting
Glueing/
Binding
Selective 
Laser 
Sintering
SLS
Selective 
Heat 
Sintering
SHS
Selective 
Laser 
Melting
3D - 
Printing
Fused 
Deposition 
Modeling
FDM
Layer 
Object 
Manufacturi
ng LOM 
Base 
Material
Layer 
generation
Technique
Extrusion Lamination
Figure 2.3: Rapid prototyping techniques classified by base material
2.2.1 Liquid based techniques
Stereolithography (SLA)
Stereolithography (SLA) as the first commercially available rapid prototyping method has been
introduced by 3D Systems in 1988.[16] A liquid polymer solution is cured by induced light into a
solid, three-dimensional object.[17–19] The resist is filled in a vat where a computer-controlled laser
beam scans the liquids surface to cure a layer (Fig. 2.4).[20] A solid pattern occurs at points where the
8
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resin reservoir
optics
mirrors (xy)
movable platform
part
laser
stage
Figure 2.4: Stereolithography process: A computer-controlled laser beam scans the surface of a
photo curable resist. The liquid solidifies at points where the laser hits the resin surface.
A build platform moves one layer thickness down into the vat of the resin and a new
layer can be cured on top of the already cured one (adapted from ref. [20]).
laser hits the liquid surface.[17–19,21] To create the next layer, the platform moves one layer thickness
down from the surface into the vat. After finishing the last layer, the part is removed from the vat
and uncured resin is washed away by a solvent. Post curing in a light oven cures still remaining
resists within the part.[5,17,18,21–24] Stereolithography creates parts with high accuracy, resolution
and surface finish.[25] The thickness of the layers influences the build resolution in z-direction. A
small layer thickness increases the surface quality.[26] An accuracy of ± 20 µm, a build resolution of
100 µm and a layer thickness of 50 µm can be achieved.[7,18] For larger parts a typical layer thickness
lies between 100 and 150 µm. The prototypes dimensions are limited by the resin vat. Multiple
parts can be built simultaneously, as the vat of resin is completely utilized.[22] SLA machines process
only one resin at a time. Using multiple resins for a single part is possible but complicated.[18,27]
Materials are rather expensive and highly reactive in liquid state. Therefore the resists are mostly
toxic although there are biocompatible formulations available.[3,18,28–31] SLA materials are often
brittle.[7,19,20,24] Conventional resists are acrylic or epoxy-based. Epoxy-based resins have a better
quality and are less hazardous compared with acrylic-based resins. All resins cannot be reused once
cured.[7,18] Since the prototype is fabricated in liquid, overhanging regions of the parts are at a risk
to sink or drift away. Thus, the process needs pre-designed supports in the form of bridges until it
is cured.[32]
9
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Digital Light Processing (DLP)
Digital Light Processing (DLP) is a modification of stereolithography and based on a Digital Mi-
cromirror Device (DMD). Instead of a laser, a projector lamp is used as light source and reflected
by an array of microscopic aluminium mirrors, namely a DMD.[24,33–35] The DMD reflects incident
light through a pupil of a projection-lens. Each mirror depicts a single pixel of an image.[33,36] In
2001, EnvisionTec introduced the first system based on DLP[37] where an entire cross-section of a
layer is projected and solidification of the layer is achieved within one step (Fig. 2.5).[18] In most
resin reservoir
coated glass plate
lens
LCD gray mask
digital mirror
device (DMD)
movable platform
part
lamp
Figure 2.5: Digital Light Processing: A DLP projector lamp which functions as a light source
illuminates the image by a dynamic mask. The projection of the cross-section occurs
from below on the lower surface of the resin and induces solidification at the same time
(adapted from ref. [18]).
cases, the projector is seated close to the ground of the machine body and the part is build from
top to bottom.[24] Compared with the bottom-up building principle, the top-down requires less resin
but heavy parts are likely to fall off the building platform. Considering this and the small reservoir
DLP is designed for small parts. Thus, the material can be changed quickly but the part requires
vertical support-structure to prevent sharp angles and overhangs.[38] DLP machines process similar
resins to SLA machines but with higher photoinitiator contents since DLP lamps emit lower light
intensities compared with SLA’s lasers. The typical application areas of DLP are hearing aid sys-
tems or masters for dental prostheses or jewelery.[24] DLP attains very good feature resolutions (50
µm).[34,39] Building speeds in DLP are faster compared with SLA since a single layer is created in one
digital image. A DLP machine’s power consumption is low in contrast to laser or extrusion-based
10
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systems.[37] The material pails are vulnerable for light reaction and after a long storage the material
loses its functionality.[35]
Two-photon Polymerization (2PP)
Two-photon Polymerization (2PP) is a direct laser writing method that is based on crosslinking
between photopolymers initiated through ultra-short femtosecond laser pulses of 800 nm.[40] Two
laser pulses meet in one point and focus into the volume of a liquid resin. They provoke tightly
localized photo polymerization to a heat-affected zone (Fig. 2.6).[41] The photochemical reaction
leads to the punctual curing of the resin and starts as soon as a photoinitiator absorbs two near
infrared photons concurrently. At that point the photons act as one photon of 400 nm and release a
free radical.[19,21,42–44] 3D structures without any geometrical limitations can be directly written into
the volume of the photosensitive material as the polymerization follows the trace of the two laser
focus. The motion of the laser focus is executed either by scanning the x/y-plane with a scanner while
the object is moving in the z-direction or by moving the object three-dimensionally using a positioning
system like e.g. piezoelectric stages.[42] An x/y-galvo-scanner focuses the laser pluses to create
microstructures because of its ”high-numerical-aperture immersion-oil objective”.[45] 2PP is used in
CCD camera
ultra short
laser pulse
high-power objektive
microsope
glass slides
resin reservoir
galvo scanner
spacer
Figure 2.6: Two-photon polymerization process: Two laser pulses focus into the volume of a liquid
resin and initiate tightly localized photo polymerization. The photochemical reaction
leads to the punctual curing of the resin. A scanner or a positioning system conducts
the laser focus’ motion (adapted from ref. [41]).
micrometer application fields such as microscopy, microfluidic and microsystem technology. Created
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microfluidic structures are for example needles and scaffolds for tissue engineering. Materials used
are classical negative-tone and positive-tone photoresists. Negative-tone resists can be sub classified
in solid (epoxy based) and liquid (acrylat-based) monomers. The most widely used negative resist
is SU-8. Commonly available positive resists are S1800 and AZ.[17,45] The resists are generally
mixed with a suitable photoinitiator and dye that supply photo emission.[17] Recently, biocompatible
formulations of photoinitiator have been researched.[39,40] 2PP’s major advantage is its high-feature
resolution: structures can achieve sub-100 nm.[41,42,46] The 3D structures can function as templates
for reproduction or inversion processes into different materials (e.g. silica, silicon).[47] A disadvantage
of 2PP is the process’s expenditure of time which is dependent on the amount of layers and the
component volume. Each voxel is cured consecutively.[17]
Inkjet 3D Printing
Inkjet 3D printing is based on the principle of customary paper printers. Instead of usual inks, the
3D printers utilize light curable resins or waxes (Fig. 2.7).[17]
spotted resinspotted wax
layer 1
layer 2
layer 3
table
wax
cured resin
movable inkjet
printing head
Figure 2.7: Inkjet 3D Printing: Droplets of heated and low viscous wax or liquid curable resins
are applied through a nozzle or an array of nozzles. A table functions for the part’s
construction. Wax droplets function as support structures for a local isolation of liquid
resins. The resin is spotted in cavities which are created through the immediate hard-
ening of the wax. The curing of the resins occurs either directly after spotting or after
one layer has been completely spotted. After creating the part, the wax is removed
(adapted from ref. [17]).
Inkjet 3D printers make use of two different resists. The actual build material - either a UV-resist
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or a wax - and the support material which is removed subsequently to the build process. Referring
to the 3D digital data, droplets of heated and low viscous wax or liquid curable resist are applied
through a movable inkjet nozzle or an array of nozzles. Thereby, the support material is deposited
first and creates cavities, into which the build material is spotted. Resist curing occurs either
directly after spotting or after one layer has been completely spotted. Polyjet printers by Stratasys
use UV-light for curing[23] and support material is removed with water jets after the parts finished.
Wax-printers use a build wax and a support wax which melts at lower temperatures and can therefore
be melted away.[5,48–50] Wax printer create molds with smooth surfaces for applications in dental
or jewelry industry. Most common UV-Inkjet printers are the Eden series by Stratasys. A lateral
solution of about 40 µm in the x/y-plane and a resolution of 16 µm in the z direction can be
achieved. Inkjet printing technology is intended to fabricate a wide range of applications, from
prototyping in industry to forming molds for dental prosthesis.[17] A disadvantage is the materials’
dependence on manufactures thermo-plastics and the inevitable support removal with water jets[24]
which is especially difficult in cavities. Only resins with low viscosities can be printed. By using
highly viscous resins, the filling of the channels from the support material cannot be guaranteed.[51]
Manufacturing errors and damaging of the printing head could be another consequence. On top
of that, clogging will result if inks dry out.[52] Users can lose their warranty of the printer by using
other materials than provided.[17,23]
2.2.2 Powder based techniques
Selective Laser Sintering (SLS)
Selective Laser Sintering (SLS) uses powdered instead of liquid materials to build solid parts
(Fig. 2.8).[53] A carbon dioxide laser provides a concentrated infrared heating beam and traces
the cross-section of a layer. During contact of laser and powder layer surface the powder parti-
cles fuse together and represent a model slice. The build chamber is sealed and preheated with a
temperature just below the melting point of the applied powder to reduce the laser power.[17,24,54]
The thermoplastic powder is taken from a powder feed chamber and spread over the surface by
a counter-rotating roller.[24,25,32] The average grain size of the powder is 50 µm.[24] The traveling
speed and the diameter of the laser beam influence the geometry of the fusion spot, the dimensional
accuracy and the building time.[24] Unsintered material that is not scanned by the laser remains in
place and functions as support structure for the next layer of powder. It can be recycled by sifting.
It is brushed off after the part is finished.[25] Reduced pressure or sandblasting accomplishes the ex-
traction of the part. If necessary, the outer surface layer is treated with a different scan strategy to
enhance its solidity and smoothness.[24] The minimal layer thickness depends on the laser spot size
and particle size. A typical layer thickness ranges from 0.08 to 0.5 mm[25]. Accuracies of ± 0.2 mm
can be achieved when producing smaller parts.[7] A modification of SLS called Selective Laser Micro
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Figure 2.8: Selective Laser Sintering: A counter-rotating roller distributes powder which is taken
from a powder feed chamber. Each cross-section of a layer is traced by a laser. When
the laser hits surface of a layer, the powder particles melt together. The sintered ma-
terial solidifies into the surrounding powder. Unsintered material functions as support
structure for the next layer of powder and is removed after the part is finished (adapted
from ref. [53]).
Sintering was developed in 2002. With this technique micro components with a build resolution down
to 10 µm can be realized by pulsing of the laser.[19,55,56] The grain diameters of the powders averages
only a few micrometers which complicates the powder deposition. Moreover, the powder-bed is less
dense.[57] Ceramics, wax, metals and plastic powder are the most processed SLS materials.[32,54,58]
In contrast to SLA materials, the powders are non-toxic and no pretreatment reduce prices. No
additional binders or support structures are necessary.[22,25,58] Only ceramics require post-curing of
the green-body which leads to parts shrinkage.[59] Preheating and subsequent part’s cooling require
time. The laser sintering of powders results in porous parts and a poor surface finish.[7] Today,
EOS GmbH and 3D Systems Cooperation are the main manufactures of commercially available SLS
machines.[17,25]
Selective Heat Sintering (SHS)
Selective Heat Sintering is a patented technology by Blueprinter and similar to SLS. Instead of a laser,
Selective Heat Sintering uses less intense thermal printed heads which melt spread thermoplastic
powder. The functional principle is identical to SLS. For current print heads the x/y-resolution
is 82 µm. Desktop-sized and low-priced prototypes with a cheaper resolution due to a laser-free
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working result.[60]
Selective Laser Melting (SLM)
The Selective Laser Melting process equals the SLS processes, with the difference that a powder
is not only sintered together by a laser but melted together. This requires the phase-shift from
solid to liquid and back to the solid layer. The melting laser focuses with higher energies and
melts the powder-based materials under protective atmosphere. Compared with SLS, SLM produces
parts with higher densities since the liquefaction results in minimal porous parts compared with
powder sintering.[24,61,62] Metal melts have low viscosity and generate 98 - 99% dense parts of high
geometrical complexity.[7,62,63] Microstructural homogeneity and surface smoothness of SLM parts
are higher compared with SLS parts. Metals such as stainless steel, bronze, titanium and aluminum
are the commonest materials used in SLM. SLM powders are reusable. SLM parts are chemical inert
due to highly stable metal oxide layers. Typical layers heights range between 20 - 100 µm and a build
resolutions less than ± 0.1 mm possible. Accuracies over small parts range between ± 0.05 mm.[7]
A drawback of SLM is the removable of external support structures. Often angle grinders or other
heavy machinery is needed.[7] Since SLM uses a full melting mechanism in a very short time, it
needs a high energy level which could involve stability risks of the molten pool. Shrink parts and
delamination might be the consequences.[24,64]
Powder 3D Printing
In contrast to inkjet 3D printing, powder 3D printers supply droplets of glue at defined locations
into a powder bed.[32] Usually, the main building area is a platform with a thin layer of powder
(Fig. 2.9).[17] The powder provides an even and smooth surface before the glue is spotted into it. A
voxel of material is fabricated where the small droplets of glue hit the powder layer. Loose powder
remains at nonspotted spaces and support the build part. Before the non-bound powder voxel can
be removed, tempering ensures the prototype’s full curing.[17]
In comparison with inkjet printing powder printing is independent from the materials’ viscosity.
The powder material can be most polymers, ceramics and even glass.[22] Although many different
materials can be printed, the physical and chemical characteristics of the glue still influence the parts
properties. Furthermore, most printed objects are nontransparent because of a light scattering by the
particles in the bulk. Prospective porosity may occur through poor particle binding or uneven inner
and outer surfaces.[17,23] Glue-dye fabricates multi-colored parts. Moving parts such as a functional
gearbox can be printed since the powder support is removed easily.
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Figure 2.9: Powder 3D Printing: Powder 3D printers use droplets of glue. Induced through a
slider, the glue is spotted into a smooth and even powder surface. A voxel of material
is fabricated where the small droplets of glue takes up direct contact with the powder
layer. Tempering provides the part’s full curing (adapted from ref. [17]).
2.2.3 Wire based
Fused Deposition Modeling (FDM)
Fused Deposition Modeling (FDM) is the second most widely used rapid prototyping technology in
the manufacturing industries following stereolithography. With Stratasys patents expiration various
machine-manufactures try to establish themselves on the market.[65] The technology is based on
the extrusion of a thermoplastic material through a needle onto a build platform (Fig. 2.10).[25]
The extrusion head heats up to melt the wired material. The rolled material is regularly fed to
the extrusion head.[24] A fine, heatable nozzle extrudes a prefabricated filament of material.[17,25,65]
Optional - for overhanging parts - can be the extrusion of a second supporting material through
another nozzle. The optional support material ensures the stability of the larger, overhanging parts
or details.[17,32,65] The computer-controlled nozzles are mounted on an x/y-stage where the filament
forms a thin cross-sectional slice of a part. Depending on the type of the machine used, either the
platform moves to the nozzle for the next slice to deposit or the nozzle moves to the platform.[17,66,67]
After deposition the viscous string of both, the build- and support material interconnects by melting
into the previous layer and forms a solid layer. The layer thickness is defined through the platform’s
movement in z-direction, the nozzles opening, the speed of the head and the material metering. It
ranges from 0.05 to 0.5 mm.[65] At the end of each fabrication process the support structures have to
16
2.2 Rapid Prototyping Technologies
movable platform
heated dispensing
nozzles
part
build filament
support filament
Figure 2.10: Fused Deposition Modeling: A FDM machine consists of a build platform, a heated
build chamber with an extrusion head. Unrolled and stored in a cartridge, the ther-
moplastic material is deposited onto a build platform and is fed to the extrusion head.
A nozzle, attached on an x/y-stage, extrudes a pre-assembled filament of material.
Potential support material is extruded by a second nozzle. The filament forms a
thin cross-sectional slice of a part. Either the platform moves to the nozzle for the
next slice to deposit or the nozzle moves to the platform. A solid layer occurs when
the build and support material interconnects into the preceding layer (adapted from
ref. [25]).
be separated from the part.[24,68] The build resolution corresponds to about ± 0.3 mm.[7] FDM can
structure nearly any thermoplastic polymer. Compared with other polymer-based technologies FDM
polymer modification is superfluous.[17] Materials with different physical or chemical characteristics,
such as stiffness or color, allow the fabrication of multi-material components by multiplying the
separate extrusion nozzles.[24,32,69] A material change is simple. Next to classic polymers (PC, PCL,
PP, PS)[23] thermoplastic materials like acrylnitrile butadiene styrene (ABS),[5] nylon and invest-
ment casting wax are used[14,23,32,67] support materials include water soluble polymers.[17] The build
materials can be of high strength and are usually environmentally safe and cost-efficient.[12,22] Only
a minimum of material waste remains.[32] FDM is an inexpensive extrusion-based rapid prototyping
technique - machines can be purchased at a price from a few hundred euros.[70] FDM machines
are suitable for an office environment.[22] A drawback of the technology is the occurrence of rough
surfaces.[12] Besides, larger parts need a long time to process and have poor strength in the vertical
direction.[25]
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2.2.4 Foil based
Laminated Object Manufacturing (LOM)
Laminated Object Manufacturing (LOM) was developed by Helisys, USA and fabricates three-
dimensional models out of sheets from paper, plastic or composites laminates. The technology
is one of the fastest rapid prototyping for parts with large cross-sectional areas; therefore huge parts
with moderate geometrical complexity suit this fabrication method. LOM technology provides a va-
riety of applications in foundry technology, such as the creation of wooden pattern for sand casting
or master molds for silicon molding patterns.[24,25,71] 3D parts are created layer-by-layer from a roll
of sheet material (Fig. 2.11).[25] At first, a lamination of layers is crosshatched and functions as a
laser
laminating roller
rolled sheet material
optics and
x-y-positioning device
part
movable platform
layer outline
and crosshatch
Figure 2.11: Laminated Object Manufacturing: The build material which has a thermally activated
glue coating on one side is placed on a platform. A mechanism uncoils the material.
The position of the used material on the build table is ensured by a heated roller. Optic
devices like mirrors follow the profiles of the material. A laser beam cross-sections
each layer and cuts the excess material in a cross-hatch pattern which functions as
support material. The platform moves down for another layer of material to bond
onto the first layer (adapted from ref. [25]).
disposable base for the part to be manufactured. The build material - usually paper with a thermally
activated glue on bottom and a thickness of 0.2 mm - is placed on the build platform. The platform
can be moved in z-direction and a mechanism uncoils the material for a next layer. A heated steel
roller fixes the position of the used material on the build table. An optics system, e.g. a mirror
which is mounted on an x/y-stage, traces the profiles of the material.[25,54] Each cross-section is cut
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from the roll through a uniform, rectangular outline. A CO2 laser beam cross-sections each layer
and cuts the excess material in a cross-hatch pattern. Excess material supports the following layers.
The extra material of the web is wrapped around a take-up roll. The platform moves down one layer
thickness and another layer of material is bonded onto the first layer. Usual layer thicknesses are
about 0.08 - 0.250 mm.[25] The solid block of paper including the part and the support material is
removed from the platform as soon as all slices have been fabricated. The final part is obtained after
cutting the crosshatched areas of the block.[72] One of the advantages of LOM is its ability to create
larger-scale, compact models with limited details by using low cost material.[71] The process is fast
with fair good accuracy.[5] Organic and inorganic materials with different chemical and mechanical
properties can be processed. Typical materials are paper, polycarbonate composites, ceramic coated
paper and polyester/polyethylene-based material. One disadvantages of LOM is the poor strength of
parts out of paper with thin cross-sections. Paper takes up moisture into the model and swollen parts
delaminate. The absorption stops when the surface is treated with a lacquer or a similar sealant.[73]
Compared with other rapid prototyping technology the surface finish is poor and the break out of
parts may be problematic.[5]
2.3 Applications of rapid prototyping in fluidic processes
Rapid prototyping finds application in fields such as engineering, biomedical engineering, material
science, physics and chemistry (Fig. 2.1). Within these fields literature where rapid prototyping
techniques are implemented for fluid handling is reviewed. Freedom of design within rapid prototyping
reveals novel geometries of fluid containing/guiding structures and devices. Since these geometries
influence properties of such fluids, rapid prototyping can alter hydrodynamic conditions to favor the
desired device function. The literature selection focuses on (a) biomedical applications including
tissue engineering and vascular applications, (b) microfluidic devices, and (c) fluid handling within
pumps and valves. The following assortment is not meant as a complete list of applications but
rather aims to reveal the potential of rapid prototyping in the given fields.
2.3.1 Biomedical applications
Tissue Engineering
The ambition of tissue engineering is to replace damaged or degraded tissues and organs. Common
medical treatment can only transplant organs in case of failure. To reduce and prevent donations
of organs, chronic refusal and cell diseases tissue engineering is applied.[74] It deals with two main
components - cells and porous scaffolds. First, tissue cells are multiplied by cell culture. Then, they
are seeded onto a scaffold to proliferate and grow into three-dimensional functional tissues. Scaffolds
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which are macro-scaled structures are able to mimic the functional complexity of the tissue.[41,51,75,76]
Another function of scaffolds is the temporary supply of mechanical support.[41,51] Traditional scaf-
fold fabrication methods such as solvent casting, particulate leaching, gas foaming, fiber bonding
and emulsion freeze drying cannot control geometry (pore size, pore interconnectivity and pore ge-
ometry) in every detail. Rapid prototyping is able to fabricate customized three-dimensional, porous
scaffolds with very fine structures. Two examples of prototyped scaffolds by DLP and SLS fabrica-
tion techniques are shown in Fig. 2.12. The capability to design pore size and porosity enables the
control over mass transport within the scaffold. Oxygen and other nutrients are supplied to consum-
ing cells by tailoring the scaffold structure.[77,78] ”Most scaffolds have been produced by laser, inkjet
and extrusion-based techniques, especially FDM and SLA”[19]. SLA processes highest feature sizes
with resolutions down to 8.4 µm[79] which is below most cell sizes. A wide range of biomaterials were
prototyped by SLA.[18] Besides the fabrication of scaffolds without solvent usage, FDM’s advantage
is the use of multilateral material. Additionally, scaffolds manufactured via FDM show good mechan-
ical and degradation characteristics as well as enhanced cell seeding due to the use of gradient pore
size.[80] Scaffolds with a resolution of 250 µm have been successfully fabricated with FDM.[19] It is im-
portant that the photopolymers are biodegradable and biocompatible, otherwise they cannot be used
in tissue engineering.[81,82] Applicable synthetic polymers include poly(e-caprolactone), polypropy-
lene/tricalcium phosphate, polycaprolactone/hydroxylapatite and poly(lactide-coglycolide). But also
scaffolds from natural polymers like collagen and chitosan as well as bioceramics are reported.[19,83]
Tissue engineering benefits from the design freedom but material and resolution still cause issues.[80]
Billiet et al.[21] reviewed various scaffold fabrication techniques including SLA, DLP, 2PP, SLS or
FDM.
a b
Figure 2.12: Examples of scaffolds made via rapid prototyping. a) A scaffold with a minimal surface
gyroid geometry which is inaccessible with common machine techniques prototyped
by DLP (Scale bar = 500 µm, reprint from ref. [84]). b) Scaffold structure made by
SLS fabrication technique (reprint from ref. [34]).
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Vascular applications
Blood flows in arteries, veins and capillaries. Arteries transport blood away from the heart, whereas
veins return it (Fig. 2.13b). Capillaries supply nutrients and remove waste products. Usually,
capillaries have a diameter of 5 - 10 µm[85] depending on the organ and blood circulation. Recently,
researchers used 2PP from Nanoscribe to fabricate artificial capillary blood vessel for drug testing.[86]
A conventional photoresist and a biocompatible photoresist, were separately used to prototype vessel
mimicking structures, such as hollow pipes, Y-shaped hollow junctions and arrays of both. The
three-dimensional, micro-structured designs represent blood vessels. Blood supply is crucial for
a b c d
.
Figure 2.13: Way to a three-dimension microvascular network. a) SEM picture of vasculature,
b) scheme of the blood network system, c) 3D-CAD model of a simplified network
structure and d) photograph of a prototyped network via DLP using a PTMC-based
resin (reprint from ref. [87]).
living cells in engineered tissues and organs. To transport oxygen and nutrients to the cell, a small
capillary network is needed. Vascular supply is essential for solid organs such as lungs.[85] Micro-
fabrication techniques can only produce two-dimensional vascular structures. With rapid prototyping
three-dimensional channel structures become accessible which can mimic the capillary network in
the body (Fig. 2.13). Since DLP offers a very high resolution, this technique was used for the
fabrication of microvascular network. A DLP printer from EnvisionTec developed the shown network
from a poly(trimethylene carbonate) biocompatible based material. The limits regarding mechanical
stiffness were reached at capillaries of 150 µm[87] - otherwise the structures were unstable. The
built structures were elastic and flexible but the solid wall was impermeable to oxygen. A functional
capillary network is for that reason impossible.[87] The production of novel stents for arterial support
is another application of rapid prototyping in biomedicine (Fig. 2.14a).[3] Moreover, bioplotter or
SLA prototypers produce molds (Fig. 2.14b)[88] or direct prototypes (Fig. 2.14c)[10] for vascular
network design.
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a b c
Figure 2.14: a) A SLA prototyped stent for arterial support (reprint from ref. [3]). b) A three-
dimensional vascular mimicking network where the template was printed with a bio-
plotter (Scale bar = 3 mm, reprint from ref. [88]). c) A lung airway system prototyped
with SLA directly from tomography images (reprint from ref. [10]).
Microneedles
Microneedles, which are micro-scaled medical devices with a length less than 500 µm were manufac-
tured with two-photon polymerization (Fig. 2.15).[89] Compared with standard hypodermic needles,
microneedles cause less pain and a lower probability of damaged tissues at the puncture of the
needle.[90] The purpose of microneedles is next to drug delivery for chronic diseases, the fluid extrac-
tion. Reductions in blood glucose levels can be provided through transdermal delivery of insulin.[91]
Furthermore, hollow microneedles combined with biosensors enable blood sampling. Usually, these
needles are produced by mircoelectronic-based and glassware techniques. With 2PP smaller mi-
croneedles with lower wall thicknesses, higher control of structure and complex shapes can be real-
ized. To utilize microneedles for drug delivery the length of the fabricated needles is decisive. The
length has to be larger than 100 µm, since the stratum corneum varies in thickness with specific
conditions such as skin, age and location.[89] Microneedles from acrylic and organically modified
ceramic materials were reported.[92] Microneedles with a length of 500 µm provided the biological
fluids and the delivery of pharmacologic agents.[89]
2.3.2 Microfluidic devices and lab-on-a-chip applications
Applications in microfludics study the behavior of liquids and gases within small volumina. The
reduced channel spaces cause low Reynolds numbers[93] and resolve in laminar fluid flows where
diffusive phenomena dominate over convective ones. The tiny devices represent a small laboratory
on a chip in which conditions such as temperature can be controlled precisely. The devices mostly
made from a translucent, chemical inert and biocompatible polydimethylsiloxane(PDMS) silicon
material are produced with soft lithography.[94] This fabrication technique replicates PDMS from
molds made with a photo-resist patterned through photo mask in a clean room.[95] Since accuracies
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Figure 2.15: Microneedles fabricated via two-photo polymerization using organically modified ce-
ramic materials (reprint from refs. [45, 89]).
of rapid prototyping techniques increase, prototyped devices and molds attempt to replace classical
mask-based chips. Additionally, more complex geometries are accessible in reduced time.[96]
Replica molding
Different rapid prototyping techniques including Solid-object printing, SLA or 3D-printing have been
reported to fabricate molds for microfluidic devices. McDonald et al. showed 2002 the utilization
of a Solid-Object Printer to generate molds for PDMS replica molding with feature sizes of about
250 µm (Fig. 2.16a).[97] Comina et al.[95] investigated the use of a stereolithography printer to
produce PDMS on glass lab-on-a-chip devices templates (Fig. 2.16b). The Miicraft 3D printer has
a resolution of 50 µm with a smooth surface finish. The utilized photocurable resin was specifically
conceived and showed characteristics of modified acrylate, acrylate oligomer and photoinitiator. The
printed and smooth template had a thickness of 2 mm. Since PDMS is incapable to cure on the
used printer resin, the surface was coated with an own production of a PDMS compatible material
which enabled the curing. Subsequently, a permanent ink cured the template. The reproduced
PDMS chips showed similar properties to conventional fabricated devices.[95] A combination of a
top and bottom mold technique was used to generate a flow cell for blood sampling (Fig. 2.16c).[98]
The used 3D printer offers a fine resolution due to layer thicknesses of 16 µm and fabricates molds
for PDMS casting. At first, a mold form was printed by an Object Eden printer (channel data:
300 µm (height)x 4 mm(width)). In the next step, PDMS was poured over the mold. After curing
the PDMS was removed from the master. The mold was divided into an upper and bottom part
- separately printed. Chip-to-world connections are established with silicon tubes. The meander
shaped channel had a total volume of 1.2 mL.[98] Moreover the capability of casting epoxy channels
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from prototyped parts were studied.[99] With increasing machine resolution and novel droplet traps
made from 3D-printed molds become available[100] with an design-to-device time below two days.
a b
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Figure 2.16: a) Utilization of prototyped parts as molds for PDMS molding (reprint from ref. [97]).
b) Meander shaped channels with varying channel geometries from an affordable 3D-
Printer (reprint from ref. [95]). c) Molded PDMS reactor with silicon tubings, casted
between a top and bottom mold made with an Objet Eden prototyper (reprint from
ref. [98]).
Microreactors
Microreactors, also known as ’microstructured reactors’ or ’flow reactors’, are compact devices that
transfer mass and heat within structures usually smaller than 1 mm.[101] Conventional fabrications
of reactors have limitations regarding creating complex parts. Roberto et al.[8] manufactured a
microreactor by SLS. The used printer from EOS produced parts with a high precision (0.5 mm)
and various materials. In this work powder made of an aluminum-alloy was utilized. The reactor
is comprised of two components - a housing structure and microchannels plate (Fig. 2.17c). 30
parallel channels form a microchannel plate with 0.5 mm width and 0.25 mm height were established
in the middle of the housing structure. Limitations were residual stresses in the consolidated structure
which caused warpages.[8] To extend the traditional methods like hot embossing or chemical etching
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Figure 2.17: Different reactor designs prototyped with SLM a) or FDM b)(reprint from ref. [7]). c)
Design of an two-parted microstructured reactor. The aluminum-alloy inlet structure
containing 30 microchannels (reprint from ref. [8]). d) A flow reactor with integrated
analytic electrode and upchurch chip-to-world fittings (reprint from ref. [102]).
.
Figure 2.18: Various reactor designs with integrated luer connectors prototyped by SLA. (reprint
from ref. [94]).
for the production of microreactors SLM (Fig. 2.17a), FDM (Fig. 2.17b), SLA and SLS were tested
in another study.[7] Nine different reactor configurations, their solvent resistance, thermal stability,
resolutions and possible applications were discussed. While SLA, FDM and SLS have rather poor
chemical and thermal stabilities, SLM reactors are resistant to high temperatures and a wide range
of chemicals but resolve in parts with poor surface smoothness. Flow reactors with integrated
electrodes for analysis are described by Erkal et al.[102] and Ikuta et al.[103]. The first author
integrated electrodes for dopamine, nitric oxide, adenosine triphosphate and reduced oxygen with
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upchurch connections. The second author described the integration of an ultrafiltration membrane
and a photo-electrode for the measurement of color change and intensity.
Microchannels
Wang et al.[12] investigated the potential use of FDM manufacturing scaled microchannels proto-
types. FDM is cheap, office compatible and fabricates layers with wall thicknesses less than 0.2 mm.
Various thermoplastic materials such as ABS, polycarbonate and polyetherimide can be processed
with FDM.[7,14] Different geometries of microchannels were produced to study fluid flow characteris-
tics in microfluidic devices. The smallest channel was 0.5 mm wide and deep. Complete microfluidic
devices for pumping and mixing were printed with FDM.[12] Drawbacks were leakages into the sub-
strate and cavities in microchannel structures. To resolve the leakages the surface roughness needs
to be improved with adequate process parameters and optimized control of FDM’s equipment.[12]
Moreover, ordering microfluidic chips by mail were discussed by Au et al.[94] The SLA devices in-
cluding integrated prototyped luer lock adapters were designed and supplies from prototyping online
service contractors (Fig. 2.18). Fig. 2.19 shows the same microfluidic channels but fabricated in
different space orientations where the x/y-plane slice the CAD model in turned way.
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Figure 2.19: SLA prototyped microchannels with attached luer connectors. Identical CAD repre-
sentations with varying z-layer orientation are shown in a) and b). Dye filled channels
of ’flat’ orientation in b) ’on-edge’ build orientation results in staircase-shaped layers
depicted in d) (reprint from ref. [94]).
Microchannels were also fabricated by 2PP in a two-step production method. First, 2PP was applied
using arsenic-based chalcogenide composites. In a second step, wet etching in a propylamine solution
26
2.3 Applications of rapid prototyping in fluidic processes
formed a microchannel with 5.38 µm width and 2.3 µm depth which is ideal for small volumes. The
created channels were smaller than FDM or SLA and can be used for gas or fluid transports.[104]
Modular microfluidic system
Microfluidic systems comprise various components which are linked through microchannels or
interconnects.[105] To provide a functional system with a flexible integration of the components
(such as mixers, reaction chambers and valves) and fast turnaround time for various applications,
it is important that all components are integrated. If one component has to be improved it will
affect the other components supposing poor integration or change of operation requirement is given.
To prevent a high expenditure of time and optimizing single components a tool is requested that
grants the performance of the components at a system level. For creating an integrated modular mi-
crofluidic system, a so called ’SmartBuild Plug-n-Play Modular Microfluidic System’ was developed.
Microchannels attached with microchips, a motherboard and fitting components comprise the plug-
n-play-system (Fig. 2.20) which shows similarities to the LEGO-building-block principle. By linking
or rather plugging in different microfluidic components a large integrated system can be created.
Advantageous is the capability to produce and design each module independently. To achieve a leak-
free connection a tiny luer fitting is inserted. All components were printed via stereolithography,
which permits the adaptation of components.[106] The microchannels had a diameter of 635 µm and
the chambers were 762 µm high. The sustainable quality plug-n-play modular provides fast adaption
to novel processes and designs.[107]
.
Figure 2.20: Different components of SmartBuild Plug-n-Play Modular Microfluidic system: the
translucent motherboard can be used to clip-on different reactors, channels and tubing
connectors (reprint from ref. [106]).
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2.3.3 Fluid handling
Most microfluidic systems comprise various components like mixer, reaction chambers or detectors
which need microchannels or interconnects to link the fluids. Often, valves are integrated in a
system.[106] To ensure the fluid’s flow pumps are necessary. Typical micropumps are microelec-
tromechanical systems devices, which transfer fluid samples.[108] In 2009 the first micropump based
on stereolithography was developed (Fig. 2.21a).[109] In contrast to traditional methods like soft
lithography, SLA is time-saving, especially for creating larger parts. Using the Envisiontec Perfac-
tory system with liquid acrylic resin an x/y-resolution of 20 µm and wall thicknesses of 5.28 mm were
obtained. The micropump contained a pneumatic membrane (diameter of 4 mm) which divides a
pneumatic and a working fluid chamber and nozzle structures.[109]
a b
.
Figure 2.21: a) Micropump made by SLA and a UK 5 pence piece of 18 mm diameter for scale
(reprint from ref. [109]). b) Laser micro sintered turbo charger with a 1 cent piece
(reprint from ref. [57])
For space applications a further prototyped micropump (Fig. 2.21b) including micropump valves was
manufactured via selective laser melting. The used material was titanium alloy particles. Two dif-
ferent types of valves were manufactured and tested: moving parts valves and passive check valves.
Both showed promising pump qualities without any leakages.[110] The Fraunhofer ILT has recently
printed valves with SLM.[64] Other fluid handling systems including a turbo charger (Fig. 2.21b) are
manufactured by laser micro sintering from metal powders.[57]
Membrane technology requires handling of fluids usually for separation purposes. Precise control
of fluid velocities is a key parameter for mastering mass transport through membranes. Membranes
spacers, required for distancing of flat-sheet membranes, have a high impact on fluid velocities close
to the membrane surface and can effectively prevent membrane fouling. Fritzmann et al.[111,112]
prototyped helical microstructured spacers for enhanced mass transport and reduced pressure drop.
These spacers integrate static mixers in the narrow channels between parallel membranes and demon-
strated superior mass transport properties (Fig. 2.22). The used Objet 3D-printer fabricates the
double helical spacers with an accuracy of about 16 µm.
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a b
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Figure 2.22: 3D-printed double helical membrane spacers. a) Topview of double helix structure
adapted from Kenics mixers distancing between two flat-sheet membranes. b) Mag-
nification shows layers in z-direction (from ref. [111, 112]).
2.4 Conclusion
Rapid prototyping is an innovative and promising technology with a fast-paced development during
the last two decades. Parts with geometrical complexity which are inaccessible with convenient tech-
nologies are now feasible. Prototypes can be fabricated within a short time and different materials.
Nowadays, several techniques are commercially available. The techniques differ according to the
material, build size, resolution and accuracy. Additionally, the costs of material and machinery vary
based on the used technique. For instance, 2PP offers the best accuracy and resolutions compared
to other rapid prototyping technologies. FDM is advantageous according to the cost of machinery
- machines can be purchased at a price from a few hundred euros. A large variety of materials can
be processed by the use of SLS.
Resulting from business objectives to save costs and prevent investment risks of developing new prod-
ucts, rapid prototyping nowadays offers interesting technical and scientific fields of study. It provides
an opportunity to produce in small numbers with high flexibility. As described in chapter two of this
thesis, many researchers investigated the use of rapid prototyping in fluid and process engineering.
Regarding the field of microfluidic, rapid prototyping is not capable of replacing traditional processes
yet. Soft lithography for example has a longer production time and is more expensive but has still a
higher resolution which is not even feasible with stereolithography.[94] Considering tissue engineering,
rapid prototyping has great potential to displace conventional processes. Due to its full freedom of
design customized parts can be manufactured, however the use of biocompatible photopolymers is
inevitable. With 2PP hollow structures, small features and thin wall thicknesses can be achieved.
Moreover, the part’s geometry can be controlled which is a significant advantage compared with
traditional methods. These advantages can lead to improved medical care. Researchers have great
hope of replacing damaged organs by means of rapid prototyping.
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3.1 Introduction
In membrane devices, mass transfer and fouling are decisively governed by the macroscopic ge-
ometry of the membrane. Flat-sheet and hollow-fiber geometries are two of the technically most
relevant membrane architectures. However, their geometries are the result of available manufactur-
ing possibilities rather than of a performance optimization. Additive production techniques such as
rapid prototyping facilitate the generation of nearly any desired shape or structure. However, suit-
able prototyping resists are rarely applicable for membrane applications. We have recently presented
two approaches to generate three-dimensional geometries using photo-lithographic rapid prototyping
and PDMS as a membrane material. The first method relies on direct photo-patterning of a PDMS
based photoresist,[113] whereas the second approach is based on a sacrificial photoresist, which can
be backfilled with nearly any desired membrane material and subsequently removed.[114]
So far, in membrane science only slight and incremental geometry changes have been imposed on
traditional membrane geometries to improve mass transport. These changes include for example im-
position of a micro-structured topology or flow profile engineering. Surface patterning of flat-sheet
membranes has been performed using phase separation micro molding,[115–118] thermoforming[119]
and curing in structured molds.[120] Multiple flat-sheet membranes can be combined and compacted
into space-saving modules by using spacers between the single membrane sheets to improve fluid flow
profiles. Different spacer geometries and their effect on mass transfer and fouling have been studied
experimentally and numerically.[111,121–126] Furthermore, multi-layered spacers,[127] membranes with
integrated spacers[128,129] and spacers in tubular membranes[130] have been developed improving
membrane performance. The flow-profile of the fluid can also be influenced by macroscopic de-
formation of the membrane and as a result, curled, twisted and hollow-fibers with complex shapes
have been studied and found to enhance mass transfer.[131–138] Such geometries promote mixing
and transport phenomena via secondary flows or dean vortices. Innovative fabrication techniques
afford non-circular hollow-fiber membranes with topological features on the in- and outside of the
membrane.[139–144] Tubular or irregular hollow-fibers can be combined into non-parallel bundles to
shape the flow-profile and improve mass transport.[145–148] These studies indicate that the macro-
scopic membrane geometry and their arrangement is a key factor to improve mass transport and
reduce fouling to boost membrane performance.
In view of these developments and the promise of freedom in design held by additive manufacturing
techniques, we set out to investigate novel membrane geometries to further advance mass transport,
separation and mixing and obtain modules with unprecedented membrane performance.
We investigate sheet-like triply-periodic minimal-surface architectures (TPMS) as an archetype for
unprecedented three-dimensional membranes. These sheet-like TPMS structures are composed of
two inter-penetrating volume-domains extending in all three dimensions. The two volume-domains
are separated by a thin membrane wall.[149] TPMS structures are known for their advanced mechan-
ical properties[150] and are wrinkle-free with a smooth local topology. The smoothness results from
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a local area minimization principle, which causes the disappearance of mean curvature and Young-
Laplace pressure.[151] This local smoothness should also prevents topology induced fouling.[140,142,144]
We investigate heat exchange modules and apply a heat transfer model in analogy to mass transport
to model the performance of three-dimensional TPMS geometries and evaluate their transport prop-
erties, while excluding interfering non-geometrical effects.[152] We analyze the TPMS geometries
by experimentally measuring heat transfer performance in microfluidic devices as well as by mod-
eling the performance theoretically. Our analysis results in a set of geometry specific heat transfer
laws, which can be converted into mass transfer laws, predicting the geometry-specific membrane
performance.[152]
3.2 Materials and methods
3.2.1 Microfluidic heat exchangers with sheet-like triply-periodic minimal-surfaces
architectures
We use a commercially available liquid photo-polymerizable resin WIC100A to prototype the mi-
cro heat-exchangers with a commercial digital light processing system (Envisiontec Perfactory P3
Mini Multilense with ERM (1400× 1050 pixel)). The resolution is 16× 16× 25 µm in the x-y-z-
directions. We prototype micro-heat exchangers (Fig. 3.1) with a core part consisting of 5× 5× 5
TPMS unit cells (Fig. 3.2). Minimal surface structures are designed using K3dSurf software. The
original minimal-surface representation of four different surfaces,[149,153] namely Schwarz-P, Schwarz-
D, Schoen-G, and Schoen-IWP, are approximated by the given equations:[154]
Figure 3.1: a) Prototyped micro heat-exchanger with screw-threaded in- and outlets for quick-
connects to tubing and temperature sensors. b) Vertical cross-section through the heat
exchanger shows the internal Schwarz-P structure of the core area. c) Horizontal cross
section through the core of the Schoen-G exchanger module and d) SEM picture of
a horizontal cross section showing wall and staircase-shaped layers as a result of the
manufacturing process in the z-direction.
33
Chapter 3 Estimation of the structure dependent performance of 3D rapid prototyped membranes
a b
c d
Figure 3.2: Unit cells of sheet-like TPMS architectures, which serve as heat exchanger walls with
a homogeneous thickness separating the two fluid compartments. a) Schwarz-P b)
Schwarz-D, c) Schoen-G (Gyroid), d) IWP
P: cos(x) + cos(y) + cos(z) = 0
D: cos(x)cos(y)cos(z)− sin(x)sin(y)sin(z) = 0
G: cos(x)sin(y) + cos(y)sin(z) + cos(z)sin(x) = 0
IWP: 2cos(x)cos(y) + 2cos(x)cos(z) + 2cos(y)cos(z)− cos(2x)− cos(2y)− cos(2z) = 0
To create a solid surface wall with a homogeneous thickness, the surfaces facing towards the in-
dividual interweaving fluid channels are separated and offset in two directions perpendicular to the
surface normal vectors. The offset function and the resulting equations and boundary conditions for
the thickened surfaces are given in the Appendix. The surfaces meshes (Fig. 3.3d3) are scaled-up to
10× 10× 10 mm and further processed using Rhinoceros CAD software. The step-by-step pathway
from the single TPMS unit cell all the way to a rapid prototyped exchanger is shown in Fig. 3.3.
Parameters of the resulting heat-exchanger are summarized in Tab. 3.1.
3.2.2 Heat transfer measurements
The experimental setup (Fig. 3.4) provides hot (50◦C) and cold (5◦C) milli-Q water with flow rates
(V˙) between 2 - 25 mL/min, supplied by a rotary piston pump by Ismatec. The milli-Q water is
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Figure 3.3: Process from a single TPMS (Schwarz D) unit cell to a rapidly prototyped micro
heat-exchanger with 5× 5× 5 unit cells. a1) Unit cell of the hot fluid channel, b1)
Unit cell of the cold fluid channel. c1) Assembly of both fluid channels resulting in
the negative of d1) representing the unit cell of heat exchanger wall. a2) 2× 2× 2
expanded hot fluid channel, b2) exact copy of the hot fluid channel, however offset
for the cold fluid, c2) intertwined hot and cold fluid channels from a2) and b2), d2) 8
fold continuous extensions of the sheet like TPMS unit cell, a3) selectively closed fluid
channels on the top and bottom of the device to generate a cross-flow module, b3)
prototyped exchanger with fluid in- and outlets and connections for temperature sensors,
c3) 5× 5× 5 extension of the intertwined fluid channels of the TPMS heat exchanger,
d3) the backfilled structure of c3) as the geometry being rapidly prototyped, forming
the heat transfer interface/wall between the fluid channels.
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Table 3.1: Micro heat-exchanger properties: aDesigned thickness t of separating wall in [mm],
bexchange area A in the module core, cpercentage of fluid volume over total volume
(fluid + solid), dhydraulic diameter of a single fluid channel 4·AcP with Ac as the cross
section area and P as the wetted perimeter averaged over the channel length and the
standard deviation of the hydraulic diameter indicating the change in the fluid flow
cross section, elength of a geometrically equivalent hollow-fiber. We achieve geometrical
equivalence by setting the inner hollow-fiber diameter to the hydraulic diameter of the
TPMS, while accounting for the same wall thicknesses and exchange area. fAverage
cross section area of a single fluid channel in the core part of the exchanger module.
Type Symbol Walla Areab Porosityc Ddh L
e
h f A
f
c
[mm] [mm2] [%] [mm] [mm] [mm2]
P  0.4 1145 0.768 1.52±0.68 212 39.6
D 0.4 1794 0.625 0.82±0.06 560 31.2
G  0.4 1483 0.695 1.05±0.09 378 34.5
IWP 0.4 1684 0.652 0.86±0.21 506 32.0
degassed to avoid bubble formation inside the TPMS device. The temperatures (T ) are recorded
while increasing the flow rates stepwise with each temperature being held for 30 min to ensure
steady-state heat flux. The transferred heat stream Q˙ is averaged between the in- (i) and outlet (o)
of the hot (h) and cold (c) fluid streams.
Q˙ =
V˙ρ
2
((cp,c,oTc,o− cp,c,iTc,i) + (cp,h,iTh,i− cp,h,oTh,o)) (3.1)
with ρ as the liquid density and cp,k,m as the specific heat capacity for the individual water streams.
The dimensionless heat transfer effectiveness  describes the rate of the actual heat transfer normal-
ized to the theoretically highest achievable heat transfer rate:
 =
c¯p,c(Tc,o−Tc,i) + c¯p,h(Th,i−Th,o)
2(cp,h,iTh,i− cp,c,iTc,i) (3.2)
For dimensionless analysis of heat transport, we apply the generalized heat transfer power law:
Nu = a×Reb×Pr1/3 (3.3)
Parameters a and b are characteristic for the different TPMs structures and the respective transfer
regimes. To determine a and b we need to determine the Nusselt, Reynolds and Prandtl numbers.
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Figure 3.4: Schematic representation of the experimental setup with an illustrative, translucent
dummy heat-exchanger of Schoen-G TPMS containing blue and yellow dyed water.
Degassed and cooled 5◦C water is pumped through the microfluidic heat-exchanger.
Subsequently the water stream is heated to 50◦C before entering the exchanger on
the hot inlet side. Sensors record temperatures at each in- and outlet (Fig. 3.1a and
Fig. 3.3b3).
The Reynolds number is determined for each flow rate with the density ρ, dynamic viscosity η, the
hydraulic diameter dh (Tab. 3.1) and average fluid velocity v = V˙/Ac of the liquid.
Re =
V˙
Ac
ρdh
η
(3.4)
The Prandtl number is determined using the dynamic viscosity η, specific heat cp and thermal
conductivity λl of the liquid.
Pr =
cp η
λl
(3.5)
Finally, we determine the Nusselt number using the convective heat transfer coefficient α, the
length of the cubic heat exchanger inner part L= 10 mm and the thermal conductivity of the liquid
λl following:
Nu =
αL
λl
(3.6)
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where α is calculated using the transfer heat stream Q˙ = u×A×∆Tln, the logarithmic mean tem-
perature difference ∆Tln, the total exchange area in the core of the exchanger A (Tab. 3.1) and the
overall heat resistance factor u:
u = (1/α+ t/λw + 1/α)−1 (3.7)
with the thermal conductivity of the rapidly prototyped resist material λw = 0.15 W/(m K) and t as
the wall thickness of the heat exchange module.
Having determined the sets of Nu, Re and Pr-numbers for each flow rate, we can derive a and b
using Eq. 3.3.
3.2.3 Pressure drop evaluation
The apparent pressure drops in the heat exchanger modules are too low to measure them directly. We
hence apply CFD simulations using COMSOL Multiphysics to calculate the pressure drops inside the
microfluidic heat-exchangers. We compare the coefficients obtained to literature values of straight
tubes. The pressure drop coefficient is given as:
ζ =
2∆pdh ρ
LV˙2
(3.8)
with ∆p as the simulated pressure drop. We fit the pressure drop coefficients to correlations in the
form of:
ζ = w/Re (3.9)
ζ of a straight tube with laminar flow is 64/Re[155]. Additionally, we determined single channel
permeabilities by measuring the time until 350 mL of water have passed through the microfluidic
heat-exchanger[156]:
k =
ηL
A0 Ms
2pi2 r4
(M0/Ms)2−1 (3.10)
with A0 = 100 mm2 as the cross section area of the TPMS heat exchanger core, Ms as the mass flow
rate of water through the exchanger in g/s, M0 as the mass flow rate of water through an exchanger
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without the TPMS structured core and r as the radius of the outlet tubing. Higher permeabilities
through the device correspond to higher flow rates at a lower pressure drop.
For CFD simulations, a single channel of the minimal-surface exchanger is designed using k3dsurf
software and exported to Hypermesh 12 software for meshing. We build tetrahedral meshes in the
bulk phase with 5 prismatic boundary layers at the walls. To reduce calculation effort we reduce the
core structures into slices of 5× 5× 1 unit cells. The total pressure drop is calculated by averaging
over twice the pressure drop of the top and bottom slices (one symmetry boundary) and three times
the drop of the middle slices (two symmetry boundaries). The flow is corrected accordingly. Each
mesh slice consists of 2.9, 3.2, 3.0, 5.5 mio. elements for P, D, G and IWP respectively. We apply
laminar in- and outflow boundary conditions with 1 mm entrance length and one fifth of the flow
rate. To further quantify the superior performance of our minimal-surface geometries, we compare
the pressure drop in the TPMS structures to tubes as a model for hollow-fiber membranes with equal
geometry parameters. We achieve geometrical equivalence by setting the inner tube diameter to the
hydraulic diameter of the TPMS architectures, while maintaining the wall thickness and exchange
interface areas constant. Identical areas are achieved by balancing the inner diameter with the length
of the hollow-fiber membrane, as shown in Tab. 3.1.
3.3 Results and discussion
3.3.1 Heat transfer
a b c
Figure 3.5: Heat transfer characteristics of four minimal-surface geometries. a) The transferred
total heat stream for varying flow rates, b) the heat transfer effectiveness for different
flow rates, and c) the fitted heat transfer laws in according to Eq. 3.4 as obtained from
measurements for TPMS heat exchangers together with simulation data obtained for
a flat-sheet and a straight tube of comparable geometrical dimensions.
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The heat transfer experiments indicate that the structural membrane performance decreases from
Schwarz-D > IWP ∼ Schoen-G > Schwarz-P for flow rates above 12 mL/min, as shown in Fig. 3.5a.
The performance scales with the available exchange area, as given in Tab. 3.1 (AD > AIWP > AG >
AP). With increasing flow rate (V˙ in Eq. 3.1) the overall transferred heat increases.
To investigate the quality of our devices, we plot their effectiveness of transported heat versus
the flow rate, as shown in Fig. 3.5b. With increasing flow rates the heat transfer effectiveness
decreases for all minimal surface exchangers. Increasing the flow rates enhances mixing in the fluid
boundary layer and the convective heat transfer coefficient α increases. This should usually lead to
higher effectivenesses, however, the residence time in the exchanger overcompensates for the higher
convective heat transfer and the overall effectiveness decreases. The effectiveness of Schwarz-P is
constant for flow rates above 18 mL/min. Here both effects (rising α but decreasing residence time)
balance each other, leading to a moderate effectiveness of 25 % which is also a result of the low
thermal heat conductivity of the exchanger wall. Similar to the transferred heat in Fig. 3.5a the
effectiveness of IWP and Schoen-G (Fig. 3.5c) are nearly identical.
We transform the set of experiments to heat transfer laws (Eq. 3.3) and compare these with lit-
erature values for a flat-sheet membrane Nu = 0.664×Re0.5 ×Pr1/3 and for a straight tube Nu =
0.664×(dP/L)0.5×Re0.5×Pr1/3[155] with identical hydrodynamic and thermal simulation parameters.
For benchmarking of our modules, the membranes are compared to the highest TPMS hydraulic
diameter of the Schwarz-P geometry. The dimensionless Nusselt number is plotted versus the
Reynolds number, with high Nusselt numbers being desirable. The performance decreases in the
order Schwarz-D > Schoen-G > IWP > Schwarz-P for Re< 15. The fitted heat transfer laws for each
minimal-surface exchanger module are shown in Fig. 3.5c. With respect to the Reynolds numbers,
Schwarz-D transfers the largest amount of heat, followed by the IWP, Schoen-G and Schwarz-P
geometries. The heat transfer power laws (b > 1) cannot be extrapolated reliably to high Reynolds
numbers, as this will surly overestimate the performance for larger Reynolds numbers. Altogether,
all minimal-surface heat exchange modules outperform traditional flat-sheet and hollow-tube geome-
tries significantly. The fitted parameters a and b are given in Tab. 3.2. This performance can be
transferred to mass transport in minimal surface membranes. The mass transfer is also improved
significantly, compared to hollow-fiber membranes of equal parameter.
3.3.2 Pressure drop
The enhanced heat transfer in minimal-surface exchangers compared to tubular and flat geometries
results in an increased pressure drop. Choosing the right geometry for a specific application always
entails a trade-off between the ideal heat transport and the desired pressure drop. The individual
pressure drop in a single channel for each minimal-surface architecture is shown in Fig. 3.6a. The
simulated pressure drop rises with the flow rate. The structure-induced Laplacian pressure drop
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Table 3.2: Results of heat transfer experiments, pressure drop simulations and permeability mea-
surements. Parameters a and b represent the coefficients for the heat transfer laws of
the TPMS structures (Eq. 3.3). Parameters for flat-sheet and tubular exchangers are
taken from literature.[155] The pressure drop coefficient w are derives from Eq. 3.9 and
the single channel permeabilities are derived from Eq. 3.10.[156]
Type a b w ka
(-) (-) (-) (10−3
× mm2)
P 2.67 0.59 322 3.58
D 1.20 1.81 307 0.88
G 3.79 0.74 262 1.62
IWP 2.81 0.80 426 1.05
Hollow fiber 0.664 (dhL )
1/2 0.5 64
Flat sheet 0.664 0.5
a b
Figure 3.6: Simulation results of single fluid channels for minimal-surface TPMS architectures. a)
Pressure drop between in- and outlet versus the liquid flow rate. b) The pressure
drop coefficients ζ (Eq. 3.8) and their fits according to Eq. 3.9 are plotted versus the
Reynolds number for TPMS and tubular structure.
from the surface results in an overall small pressure drops below 50 Pa. This proves the high
performance of our TPMS geometries for fluid processes and application in heat-exchangers and
membrane modules. Although all of the recorded pressure drops are small, the IWP structure
exhibits a pressure drop, which is higher than in the Schwarz-D, Schoen-G and about four times
higher than in the Schwarz-P geometry. To validate the general trend of the pressure drop
simulations we measure the permeability[156] for each TPMS structure according to Eq. 3.10, as
shown in Tab. 3.2. The permeability describes the fluid flow through an individual channel side of
the exchanger. Higher permeabilities indicate a lower pressure drop inside of a given structure. The
measurements agree with the simulations giving greater pressure drops for IWP, and lower pressure
drops for Schoen-G and Schwarz-P. However, we find a discrepancy for the pressure drop inside
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the Schwarz-D geometry, which appears to be smaller than in the Schwarz-P geometry, which we
believe is the result of inhomogeneities or deviations during the manufacturing process.
We further obtain the pressure drop coefficient ζ (Eq. 3.8) from the pressure drop simulations
for each structure and plot these against the Reynolds number in Fig. 3.6b. Moreover, we
plot the pressure drop coefficient for a straight tube in the same figure and present the derived
w-values in Tab. 3.2. The normalization from flow rate to Reynolds number changes the
performance of the TPMS structure. Schoen-G outperforms Schwarz-P, Schwarz-D and IWP
(Fig. 3.6b and w in Tab. 3.2). Altogether, the TPMS geometries perform very well with an overall
range of w between 262 and 426, which is also apparent by the overlapping TPMS curves in Fig. 3.6b.
3.3.3 Performance assessment
a b
Figure 3.7: Combined evaluation of heat transfer and pressure drop for our TPMS architectures.
a) Surface area goodness as a measure for heat transfer in dependence of the induced
pressure drop versus Re. b) Ratio of friction loss E and the transferred heat h describing
the predominance of the transferred heat in relation to the pressure drop plotted versus
Re.
Our TPMS architectures exhibit pressure drops, which are between four (Schoen-G) and seven
times (IWP) higher than in a straight tube, as shown in Fig. 3.6b and Tab. 3.2. Although this
increased pressure drop impairs the performance of our architectures, the pressure drop results in
enhanced heat transfer. To evaluate the trade-off between induced pressure drop and heat transfer
we calculate the surface area goodness factor Nu/(Pr1/3w)[157–159], which relates the heat transfer
to the pressure drop, as shown in Fig. 3.7a. All TPMS structures outperform a tubular structure
except for Schwarz-P, which matches the straight tube in surface area goodness. Moreover, we
calculate the ratio of friction per unit of surface area (E) and heat transfer power per unit surface
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area at a temperature difference of one degree C (h):[157–159]
E =
∆pV˙
A
(3.11)
h =
Nuλl
dh
(3.12)
The ratio of friction loss E and transferred heat h is plotted over Re in Fig. 3.7b. We deduce
from the fact E/h << 1 that the heat transfer dominates the pressure drop despite the low thermal
conductivity coefficient of the exchanger module. In agreement with the previous performance
assessment, Schwarz-D excels in the ratio of friction to heat transfer as indicated by the small slope
in the linear data fits (Fig. 3.7b).
3.3.4 Utilization in membrane technology
To transfer our heat exchange results to mass transport and apply these in membrane technology
further development are required. On the one hand, rapid prototyping of membranes is required.
We successfully showed two fabrication methods for three-dimensional membranes.[113,114] On the
other hand, prove has to be given that the obtained results are valid for mass transport. The analogy
between heat and mass transport indicates in theory that the fitting parameters a and b are equal
under certain conditions.[152,159] Although not all of these conditions are met, we are certain that
increased heat transport resolves in better mass transport. Enthalpy exchange which combine heat
and moisture transfer proves our assumptions made.
Furthermore with three-dimensional TPMS membranes spacers are not necessary anymore. The
potential of TPMS for superior candidates as lightweight material[150] enable pressure resistant
membranes modules for revers osmosis or organic solvent nanofiltration. Blut oxygenators benefit
from enhanced transport properties and the specific freedom of design in module construction with
TPMS membranes based on expandable unit cells. However, rapid prototyping of porous membranes
is still a difficult task but the potential of real three-dimensional membranes is high.
3.4 Conclusions
We report the creation of four rapidly prototyped TPMS heat exchanger geometries together with
their performance analysis as candidates for three-dimensional membrane geometries. Out of the
four candidates, Schwarz-D exhibits the best heat transfer characteristics with respect to inherent
pressure drop. Compared to hollow-tube and flat-sheet membrane geometries our TPMS modules
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outperform these by an order of magnitude, showcasing superior heat transport, thus indicating
enhanced mass transport when applying these geometries in membrane applications. The mass
transport performance of such modules can be modeled using the heat-transfer analogy, as we have
shown here, simplifying module characterization and incremental device optimization. We believe
that TPMS membranes geometries will most likely perform much better than established here,
when beneficial effects such as concentration polarization are taken into account. In the future the
presented additive manufacturing technique will allow to further performance of membrane modules
impacting on a wide range of technological processes.
Offset function
Foffset(x,y,z) = F(x−ax,y−ay,z−az) ·F(x+ax,y+ay,z+az)
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with t as offset distance parameter, which is adjusted to generate 400 µm thick heat exchanger wall.
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4.1 Introduction
The integration of microfluidic applications and membrane transport has grown over the past decade
as documented by the review of de Jong[160] and its citations. Polydimethylsiloxane (PDMS) is
the most widely used material used for such microfluidic lab-on-a-chip devices. It generates fluid
pathways,[161–163] but can also be used to perform micro-contact printing[164] and various types
of soft nanolithography.[165–168] Also, PDMS provides distinctive barrier and permeation properties
rendering it attractive for membrane applications. The easy-to-use combination of a silicone prepoly-
mer and a crosslinker to adjust the material properties make this material system widely applicable
for the preparation of two-dimensional device geometries.[169–171] It would be highly desirable to
sophisticate integrated membrane microfluidic devices from 2D to 3D.[113]
The typical process in currently well-established micro-molding technique involves casting and curing
of the pre-polymer mixture on a mold followed by peeling off to furnish the desired negative replica
in PDMS. The quality of the replica is determined by the integrity of the mold as well as the fidelity
of the delamination process. However, two-dimensional geometries impose strict limitations on the
potential applications and higher degrees of freedom are desired.
To this end, several approaches towards three-dimensional PDMS architectures are currently be-
ing pursued.[172,173] Most techniques are based on tedious, soft lithographic multi-layer approaches,
where independently manufactured PDMS replicas from patterned molds are stacked on top of
each other and subsequently merged.[174–176] This process has enabled the sequential assem-
bly of sandwich-type structures of higher complexity for which improved separation character-
istics have been demonstrated.[177] More complex geometries, such as coils[178] and cylindrical
microchannels[179–182] were formed in PDMS following a procedure, where the mold has been re-
moved by dissolution leaving behind the inverse three-dimensional structure in the PDMS.[76,183]
Recently, it has been suggested that microfluidic channel geometries or their molds with customized
structures could be produced using rapid prototyping in a short period of time.[17,76,113]
However, it remains a profound challenge to master complex geometries with delicate control over
multicontinuous structures with real three-dimensional character. Such structures would present ideal
interfaces for membrane applications. PDMS is currently applied as a separating layer in solvent
resistant nanofiltration,[184–186] pervaporation,[187–189] and in gas separation.[160,190–192] Further-
more, PDMS is applied in gas-liquid-contacting membranes[193] and coatings[194] due to its high
permeability towards gases and large contact angles for aqueous liquids. In principle it is possible
to prepare microfluidic membrane devices from PDMS alone, in which fluid profiles and PDMS bulk
properties define the membrane performance, while the surface chemistry can easily be modified to
regulate the interactions with (biological) fluids at the solid-liquid, or the solid-gas interface. Such
control over the interface chemistry together with enhanced transport through the bulk material is
crucially needed for the development of artificial lungs and blood oxygenator modules. However,
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Figure 4.1: Preparation of tricontinous membrane geometries based on three different triply peri-
odic minimum surface architectures. a) - e) Step-by-step fabrication for the Schwarz-P
geometry: a) Rapid prototyping of the sacrificial mold, b) - c) backfilling of the mold
with PDMS followed by thermal curing, d) alkaline removal of the mold material and e)
TPMS membrane under steady-state operation. The color change of the pH indicator
from blue to yellow indicates the CO2 transport through the PDMS membrane.
progress towards these applications critically relies on (i) miniaturizing the device geometry, while
(ii) achieving maximum mass transfer by improving flow-profiles in small scale modules.[134]
Rapid prototyping techniques have the potential to fabricate PDMS membranes of virtually any
desired shape. The technique is based on the production of a sacrificial mold, which is first back-
filled with PDMS. Subsequently, the mold is removed under alkaline conditions without impairing
the PDMS membrane properties (Fig. 4.1). This technique is applied to produce three-dimensional
PDMS gas membranes for gas-liquid-contacting and takes full advantage of the rapid prototyping
technology. We apply membrane architectures based on sheet-like ’triply periodic minimal surfaces’
(TPMS).[150] These TPMS structures are tri-continuous: one continuous membrane phase is sand-
wiched between a continuous feed and a continuous permeate phase. Two interpenetrating volume-
domains periodically extend in all three dimensions and are separated by a third PDMS domain,
acting as a thin membrane.[149] These TPMS structures are known to have enhanced mechanical
properties,[150] their heat and mass transport properties are yet not known.
The present work reveals a new rapid prototyping methodology to fabricate complex 3D-PDMS
membranes via a sacrificial resist. We hypothesis that distinct differences in the membrane transport
performance emerge as a function of the tri-continuous geometry. We prove this hypothesis for such
TPMS-PDMS membranes to have improved mass transfer performance in gas-liquid-contacting
compared with CFD simulations of common hollow-fiber membranes (HFM) with equal geometric
parameters.
4.2 Materials and Methods
In more detail, we prepared sheet-like TPMS membranes by geometric inflation of the trigonometric
surface approximations of Schwarz-P-, Schwarz-D-, and Schoen-G-minimal-surfaces[154] along their
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Figure 4.2: TPMS geometries with 2× 1× 1 unit cells: a) Schwarz-D, b) Schoen-G, c) Schwarz-P.
The designed thickness of each membrane is 1 mm as depicted in the CAD images
(far left). The independent channel sides are depicted in the middle-right column: gas
channel in black liquid channel in cyan. To prevent displacement of the separated
channels in the molding process, a bottom plate is added, which is shown in white
color. Photos of rapidly prototyped sacrificial molds are shown in the middle-right
column next to the resulting PDMS membranes after removal of the sacrificial mold
(far right).
normal vectors, as shown in Fig. 4.2. 2× 1× 1 cubic unit cells of sheet-like TPMS are scaled to
10× 5× 5 mm with the resulting TPMS contactor parameters as given in Tab. 4.1.
To prepare such 3-dimensional TPMS membranes, we first formulate a sacrificial photolithographic
resist to suit the requirements of fast curing and dissolution in mildly basic conditions.[195] The
acrylate based resist contains 7 wt% of methacrylic anhydride as a key component serving first as
a crosslinker during polymerization and secondly allowing for basic degradation of the crosslinked
photoresist. We use a commercially available digital light processing prototyper for patterning of the
formulated photoresist, using micro-mirror array technology (30 × 30 µm) illuminating 1400 × 1050
pixels.[18,196,197] Addition of a dye (Orasol orange) to the photoresist formulation limits the pene-
tration depth of the illumination beam to control the voxel-size and leads to the colored appearance
of the printed molds. The corresponding dose curve of the photoresist exhibits characteristics of a
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Figure 4.3: Dose curve of the sacrificial photoresist. D f and D0 denote the minimal dose required
to achieve curing of the full layer thickness and the maximum dose, at which no material
is cured respectively. Dexp denotes the actual dose, at which the structure is exposed
(10% of D f ).
Table 4.1: Geometric properties for the TPMS contactors and the corresponding hollow-fiber mem-
branes.
Structure D G P
Thicknessa [mm] 1.0 1.0 1.0
Areab [mm2] 170.8 188.1 121.8
Porosityc [%] 0.15 0.21 0.28
Ddh [mm] 1.09 1.42 2.48
Dev. Deh [mm] 0.22 0.24 0.77
Hollow fiber length f [mm] - - 15.6
aDesigned thickness of PDMS membrane, bMembrane area in liquid channel, cPercentage of fluid volume
of the total device volume (fluid + solid), dHydraulic diameter of the fluid channel (4×A)/P with A as
cross section area and P as the wetted perimeter averaged over the entire channel length, eStandard
deviance of hydraulic diameter indicates the change of fluid flow cross section, fLength of a geometrically
similar hollow-fiber membrane which has the same inner diameter as the hydraulic diameter of the TPMS
and an equal membrane surface area.
so called slow-resist with a low contrast value g ≈ 1 as shown in Fig. 4.3:
g =
1
log
D f
D0
(4.1)
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with D f as the minimum exposure dose, at which the full resist thickness is cured and D0 as the
maximum exposure dose, at which no resist is present after development.
This low contrast behavior is beneficial in a micro-mirror rapid prototyper to achieve good overlap
and mechanical cohesion at the interface between neighboring voxels. In general, such micro-mirror
lithography systems face the following constraints: First, the micro-mirror array does not supply
uniform exposure intensity across the entire array. Secondly, despite the absorbent dye, the exposure
light penetrates several voxel layers deep into the resist and the divergence of each light beam will
partly expose neighboring voxels. Hence, the slow-resist developed here is advantageous as it is
forgiving in terms of over- and underexposure. To generate the desired three-dimensional structure
in the presented photoresist system, each voxel needs to be exposed and the voxel interfaces will
receive leaked exposure dose from neighboring voxels to fully cure and combine these. In the bulk,
each voxel is surrounded by 26 neighbors, which will obtain leaking exposure. Following this rational
we expose inverse TPMS structures at 10% (Dexp) of the required dose (D f ) to be able to fully cure
the resist at the geometrical constraints.
To obtain the three-dimensional TPMS-PDMS membrane devices, the sacrificial molds are immersed
in a PDMS prepolymer formulation (Sylgard 184, silicone/crosslinker 7:1), degassed in vacuo and
subsequently cured by heating to 65◦C for 30 min. Afterwards, the orange colored mold is simply
removed by exposure to a 1 M NaOH solution at 70◦C, revealing the micro-structured TPMS-PDMS
architectures. Complete membrane devices are obtained by sealing the chip via plasma bonding to
glass slides, followed by insertions of chip-to-world connections and tubing to allow fluid flow to
and from the device. The designed TPMS have a homogeneous membrane thickness of ca. 1000 µm
which is sufficiently thick to withstand pressure differences of 2 bar. Both the prototyper used
and our fabrication/replication technology are capable to reduce membrane thickness. Lower limits
for membrane thickness and upper limits for packing density and total membrane area currently
under investigation. Such architectures also show superior strength and lightweight properties,[150]
which is likely to enable TPMS membranes withstand higher transmembrane pressures compared
with available pure PDMS hollow-fiber membranes of equal wall thickness. Gas and liquid volumes
are designed to be equal in all unit cells. Altogether, the process allows full degree of freedom
and leads to an outstanding microstructural precision, as seen by the fact that a ∼ 50 µm wide
photoresist beam with an aspect ratio of 1 can be cast into PDMS with a precision better than 1 µm.
Experimentals
The sheet-like TPMS membranes are prepared by geometric inflation of the trigonometric surface
approximations of Schwarz-P-, Schwarz-D-, and Schoen-G-minimal-surfaces[154] along their normal
vectors, using MATLAB, K3DSurf and Rhinoceros CAD software. For photolithographic exposure
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we apply a commercially available Digital Light Processing Perfactory Mini Multilense system
from Envisiontec equipped with a 180 W Hg vapour lamp, which is reflected off a 30 × 30 µm
micro-mirror array, illuminating 1400 × 1050 pixels at a brightness of 2.3 mW/cm2.[18] The
formulated resin consists of 40 wt% N,N-dimethyl-acrylamide, 40 wt% methacrylic acid, 10
wt% poly(vinyl pyrrolidone), 7 wt% methacrylic anhydride, 3 wt% Irgacure 819, 0.1 wt% 2,6-
dihydroxyanthraquinone and 0.05 wt% Orasol Orange dye.
The gas transport experiments are performed using an AKTA Avant chromatography system and
pyroscience flow-through oxygen sensors. To compare our results to state-of-the-art hollow-fiber
membranes we perform gas-liquid-contacting computational fluid dynamics simulations in COMSOL
Multiphysics version 4.3b using a axisymmetric tubular mesh containing 11k elements for a hollow-
fiber membrane equivalent to an P-type TPMS. The CO2-Flux (J) is described by Wang et al.[198,199].
J =
D× (H× cg− cl)
δ
(4.2)
where D is the diffusion coefficient of CO2 in PDMS ranging from 5 - 30× 10−6 cm2/s,[200–204] H
= 0.8317 the Henry constant for CO2 at T = 25◦C, cg = p/(R×T ) the CO2 concentration at the
membrane surface in the gas channel, the gas constant R = 8.3145 J/(mol×K), cl the CO2 concen-
tration at the membrane surface in the liquid channel and δ= log((Ddh/2)+Thickness)− log(Ddh/2) as
normalized membrane thickness for the hollow-fibers and accounts for the membrane curvature.[198]
Laminar inflow and outflow boundary conditions are applied for the water flow of 2 mL/min, while
the initial CO2 concentration is 0.00562 mol/m
3 resulting in an initial pH-value of 5.8 in analogy to
the experimental work.
For pH measurements HPLC grade water is degassed and pumped at 2 mL/min through the
TMPS-PDMS gas-liquid-contacting module recorded with a pH sensor connected downstream.
Pure CO2 is adjusted to overpressures of 0.5, 1, and 2 bar. Entrapped air inside the liquid channel
side is removed by flushing the channel with CO2 before the introduction of water. Subsequently,
air on the gas channel side is removed by purging with N2 until a constant pH-value is reached in
the aqueous phase. The pH measurement is started when CO2 is introduced on the gas channel
side to replace N2. Subsequently, the gas channel outlet valve is closed to keep a constant CO2
pressure. The pH-value is recorded every second.
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4.3 Results and Discussion
We evaluate our three-dimensional TPMS membranes by contacting one side of the membrane with
pure CO2 and the other side with a constant stream of water with a flow rate of 2 mL/min. A
fully contacted module in steady-state operational conditions is depicted in Fig. 4.1e. CO2 diffuses
through the membrane and dissolves in water thereby decreasing the pH. For clear visualization we
add bromothymol blue as a pH-indicator to the aqueous phase, which turns yellow upon acidification
inside the chip, as shown in Fig. 4.1e. The continuous color change inside the device demonstrates
successful CO2 diffusion across the PDMS bulk phase and confirms the absence of catastrophic
leakages.
Next, we turn to quantitative evaluation of the gas transport performance of the three different
membrane geometries using the following two indicators: (i) The kinetics of the pH-decline until
a steady state equilibrium for the diffusion of CO2 through the PDMS contactor membrane into
water is achieved. (ii) The magnitude of the pH decreases compared with the theoretical equilibrium
pH of CO2 in water. Note that there is a lower limit for the pH in the aqueous phase, which
is reached almost instantaneously in the absence of a membrane. Time dependent pH evolutions
versus contacting time for each of the three TPMS structures and three different CO2 pressures are
depicted in Fig. 4.4.
Figure 4.4: Membrane performance as a function of the TPMS geometry. Time-dependent evo-
lution of the pH-value during CO2/water contacting experiments for a) Schwarz-D,
b) Schoen-G and c) Schwarz-P geometries at CO2 overpressures of 0.5, 1 and 2 bar
respectively. A faster and steeper drop indicates better transport of CO2 into the aque-
ous phase. d) Comparison of different TPMS geometries for a transmembrane CO2
overpressure of 2 bar.
The change in pH is greater for higher gas pressure, because of a steeper CO2 concentration gradi-
ent across the membrane, which is the main driving force for mass transport. All pH curves decline
rapidly within minutes after a short dwell time of approximately 20 s, as shown in Fig. 4.4a - d. This
dwell time includes the time for CO2 diffusion through the PDMS membrane as well as the time-lag
until the first CO2 enriched, acidified liquid reaches the pH sensor downstream of the gas-liquid con-
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tactor module. After the steep drop in pH, the values for the Schwarz-D and Schwarz-P geometries
quickly decrease to a constant value, indicating steady-state conditions. A different behavior can
be observed for the Schoen-G structure, which requires longer contact times to reach steady-state
conditions, see Fig. 4.4b. The pH at these steady-state conditions corresponds to ca. 75% of the
maximum drop in pH when pressurizing water directly with CO2 without a membrane. Altogether,
the Schwarz-P geometry offers the best design as it both combines the fastest kinetics for the pH
decay and at the same time reaches the lowest steady state pH. This superior performance orig-
inates from enhanced mass-transport and accelerated diffusion into the aqueous phase. This is a
remarkable observation considering that its membrane surface area is the smallest of all prepared
devices (Tab. 4.1).
Various factors contribute to the enhanced mass-transfer: One explanation for the enhanced per-
formance of Schwarz-P is that CO2 transport into water is improved through enhanced fluid mixing
by diminishing the phase boundary layer. In general, the shape and geometry of the water channel
influences the transport of CO2, and secondary flows in the liquid channel can enhance fluid mixing
and transport of the incoming CO2 from the PDMS membrane surface across the liquid boundary
layer to the bulk water phase. A successful reduction of the boundary layer thickness in the lam-
inar flow regime (Re < 20) benefits a faster transport away from the interface and leads to lower
pH-values. Secondly, the superior contacting performance of Schwarz-P may be related to the lower
amount of dead-end branches in the liquid channel as compared with the Schwarz-D and Schoen-G
geometries (Fig. 4.2 and 4.4a - c). Dead-end branches are detrimental to fluid transport and lead
to a drop in fluid velocities and slow diffusive CO2 transport predominates. Therefore, the effective
transfer area shrinks and less CO2 dissolves in water.
To further quantify the superior performance of our three-dimensional liquid-gas-contactors, we
compare the performance of our best TPMS membrane structure (Schwarz-P) to state-of-the-art
PDMS hollow-fiber membranes of equal geometry parameters using computational fluid dynamics
simulations (CFD-simulations). We achieve geometrical equivalence by setting the inner hollow-fiber
diameter to the hydraulic diameter of the TPMS and accounting for the same membrane thicknesses,
and membrane areas. Identical membrane areas are achieved by balancing the inner diameter with
the length of the hollow-fiber membrane, as shown in Tab. 4.1. In the CFD-simulation CO2 per-
meates through the PDMS membrane into the water inside the hollow-fiber lumen in accordance to
Henry’s and Fick’s Law of diffusion, and we simulate transport for the known ranges of CO2 diffu-
sion coefficients in PDMS.[198,199] Depending on the diffusion coefficient, we find that the TPMS
membranes outperform comparable hollow-fiber membranes by leading to an additional reduction
of the pH by 0.3 - 0.6 units. Consequently, the TPMS structures transfer more CO2 than present
hollow-fiber membranes, hence demonstrating a clear advantage of microstructuring membrane de-
vices with complex geometries. In summary, improved flow characteristics enabled by the freedom
in design and facilitated through the sacrificial rapid prototyping technique are clearly evident and
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calls for application to improve membrane performance.
To further improve the device geometry and liquid distribution inside the TPMS contactors we
designed a cylindrical Schwarz-P PDMS membrane network composed of a vertical gas (black) and
horizontal water channels (cyan), as shown in Fig. 4.5a and b. For this purpose, we incorporate a
cylindrical TPMS-PDMS membrane, Fig. 4.5c into a biocompatible housing, which is prepared using
the same digital light processing system and a biocompatible resist, which is commercially available
(Fig. 4.5d). Here we connect the contactor (Fig. 4.5e) to the described setup and perform gas
permeation experiments (Fig. 4.6) using oxygen to provide a more realistic approach to the future
application as a blood oxygenator.[205] This requires using two flow-through oxygenator sensors (in-
and outlet of aqueous phase) to measure the oxygen uptake from the gas phase through the PDMS
membrane into the aqueous phase. In addition to varying the gas pressure, we now also change the
flow rate of the aqueous phase.
Figure 4.5: Fabrication of a cylindrical TPMS-PDMS oxygen/water contactor module: a) Individ-
ual gas (black) and water (cyan) channels. b) Photograph of a rapidly prototyped
channel network comprising a cylindrical scaffold for alignment of the respective chan-
nel geometries. c) Molded TPMS-PDMS network of a 2× 2× 2 Schwartz-P PDMS
device after removal of the sacrificial mold. d) Prototyped housing for PDMS mem-
brane networks with optimized liquid distribution system. e) Connected module with
in- and outlets for oxygen and water streams.
Similar to the contacting experiments with CO2, we observe that enhanced transport occurs for
higher pressures on the gas side (Fig. 4.6). This is due to higher oxygen concentrations and a
concurrent increase of the driving force for oxygen mass-transport across the PDMS membrane.
The contact time until reaching the steady-state conditions are longer for oxygen as compared
with CO2 (Fig. 4.4), because of the lower permeability of oxygen in PDMS (PCO2 = 3200 Barrer,
PO2 = 600 Barrer), but similar diffusion coefficients of oxygen in water (DCO2 = 1.92× 10−5cm2/s,
DO2 = 2.1× 10−5cm2/s).[152,204,206,207] In addition, the flow rate of the aqueous phase has a decisive
influence on the overall level of oxygen uptake. Since the residence time of the liquid in the contactor
decreases with rising flow rates, we observe a reduced oxygenation of the aqueous phase.
The current versions of our TPMS-PDMS devices have still very thick membranes of about 1 mm:
such a thickness cannot yet be applied in real world applications in the current development stage.
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Figure 4.6: Graphs for oxygen contacting experiments of cylindrical TMPS structures at three O2
overpressures 0.2, 0.4 and 0.6 bar and three water flow rates 1, 2 and 4 mL/min. The
oxygen uptake into the aqueous phase Coxygen is measured between in- and outlets and
recorded over time.
Nevertheless, specific applications, such as in blood oxygenation reveal the particular advantages
of creating secondary vortices and reduce concentration polarization. In blood oxygenation, the
transport resistance for gas transport from the membrane to the first layer of red blood cells governs
the overall resistance and becomes even dominating for thin membranes. Controlling this diffusion
boundary layer through the design of the hydrodynamics imposed by the TPMS architecture will
facilitate gas transport rates. Detailed quantification of reduced concentration polarization in TPMS-
PDMS architectures is currently performed.
4.4 Conclusion
In summary, we demonstrated a straightforward and versatile approach providing access to truly
three-dimensionally structured PDMS devices. We apply this process to the preparation of tri-
continuous TPMS-PDMS membranes, which have been inaccessible to manufacture until today.
A comparison with established membrane geometries reveals exceptional contacting and transport
properties of our TPMS membranes exceeding those of common hollow-fiber membranes. The
evaluation of different TPMS geometries demonstrates superior mass transport for the Schwarz-P
structure, due to drastically improved flow characteristics, despite having the lowest surface area
of the tested geometries. The preparation strategy enables the precise fabrication of microstruc-
tured gas-liquid contactor devices, which are crucially needed for implantable blood-oxygenators, for
catalysis and fuel-cell applications, gas exchangers in chemostats as well as sensitive components
in analytical components. With the techniques and materials at hand it will now be possible to
prepare PDMS devices of unprecedented complexity beyond membrane devices for applications in
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the fields of bio-medicine, micro-fabrication as well as labs-on-chips. Yet, resolution to decrease
membrane thickness with simultaneous membrane area scale-up require significant improvements in
the 3D printing technology. Future sophistication in lithography technologies will facilitate progress
with respect to these challenges.
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5.1 Introduction
Polydimethylsiloxane (PDMS) is easy to handle and there exist several two-component formulations
on the market allowing for facile soft-lithographic replication and production of lab-on-a-chip devices.
The hydrophobic silicone rubber is flexible, translucent and chemically inert as well as electrically
insulating. Moreover, PDMS is permeable for gases, facilitating high transport rates, thus making
PDMS a suitable material for various membrane applications.[160] Two-component PDMS formula-
tions are usually composed of a base silicone, which is mixed with a small molecular crosslinker and
a catalyst. For device fabrication via soft-lithography, the PDMS formulation is cast onto a mold
and subsequently crosslinked thermally. After curing, the replica is simply peeled off the mold to
recover the desired structure within the slab of PDMS.[169,170] The mold represents the negative
of the desired shape. Hence, the geometry and the fidelity of the replica depend on the quality
of the mold and the removal technique. The described process limits the geometry of the desired
structure to the dimensionality of the mold. As the PDMS structure needs to be recovered after
replication one is usually limited to two-dimensional designs with low degrees of complexity. Three-
dimensional devices have previously been fabricated by aligning multiple layers of two-dimensional
channel geometries on top of each other.[208] However, a direct and fast one-step fabrication method
for complex and three-dimensional PDMS geometries remains inaccessible to date.[97–99] The need
for such three-dimensional PDMS devices has recently been identified and discussed for microfluidic
devices.[17] Photoinitiated rapid prototyping systems can be applied to fabricate three-dimensional
structures from photoresist materials. A broad range of photoresist materials have been applied for
rapid prototyping; these include acrylates,[109] ABS-type polymers,[209] ceramics filled polymers,[210]
hydrogels,[21,40] biodegradable and biocompatible resists[84,211]. These materials have been proto-
typed into structures for application in tissue engineering,[18,21] chemical reaction compartments,[7,8]
medical implants[212] and for jewelry.[73,213] Despite several reports on photo-crosslinkable PDMS
materials, direct rapid prototyping has not been presented, due to problems associated with very long
curing times, low spatial resolution and dark-polymerization resulting from the low glass transition
temperature of PDMS.[214–216]
Here we report a fast one-step fabrication approach to process PDMS by digital light processing
rapid prototyping. We formulate a PDMS photoresist material, which allows for printing of sili-
cone structures of nearly any desired geometry. We demonstrate our approach by fabricating a
three-dimensional gas-liquid-contactor with a free-standing PDMS membrane enabling gas trans-
port into the liquid phase. The geometry of a membrane is a crucial factor for its performance[134]
and membranes based on sheet-like ’triply-periodic minimal surfaces’ exhibit superior transport in
gas-liquid-contactors over other state-of-the-art membrane geometries.[153]
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Figure 5.1: a) SEM image of a prototyped (gold sputtered) PDMS specimen. The specimen is
cured layer-by-layer in z-direction. Scale bar = 1 mm. b) Molecular schematic for the
photo-initiated crosslinking reaction of methacrylate functionalized PDMS.
5.2 Results
The digital light processing rapid prototyper (Perfactory Mini-multilense from EnvisionTEC) pro-
duces three-dimensional structure in a layer-by-layer fashion by photo-crosslinking the resist in de-
fined areas. By this technique each layer contributes a fixed voxel-height to the three-dimensional
structure. We formulate the photoresist to suit the requirements of fast curing and detailed reso-
lution to obtain a small voxel base areas (x and y-axis), low voxel-heights (z-axis) and acceptable
line edge roughness (Fig. 5.1a). The resist consists of 97.95 wt% (7-9 Mol% methacryloxypropyl
methylsiloxane)-dimethylsiloxane copolymer, 2 wt% ethyl(2,4,6-trimethylbenzoyl)phenyl phosphinate
(TPO-L) as photoinitiator and 0.05 wt% Orasol Orange as a dye for increased resolution. The
photo-initiated crosslinking reaction of the silicone is illustrated in Fig. 5.1b. The UV-Vis absorption
spectrum exhibits the characteristic peak of the photoinitator at 370 nm (Fig. 5.2). This band disap-
pears upon exposure and crosslinking of the resist. The dye is added to prevent UV-light leaking out
of the desired voxel size. UV-penetration deep into the photoresist layer would diminish resolution
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in all directions. For optimal compatibilization, the silicone and photoinitiator are mixed in tetrahy-
drofuran, which is subsequently removed in vacuo. The rapid prototyper is equipped with a 180
W Hg vapour lamp, which is reflected off a micro-mirror array, illuminating 1400 × 1050 pixel.[18]
The exposure pixel size is 30 × 30 µm, and we applied a cure time of 12 s to cure a 100 µm thick
voxel. The broadband light source emits light between 400 and 550 nm with a maximum at 440
nm[211] and a brightness of 7 mW/cm2. After printing, the three-dimensional structure is developed
by removal of the uncured resist material using 2-propanol and ultra-sonication.
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Figure 5.2: UV/vis absorption spectra of thin films of resist with dye (grey) and without dye
(black) uncured (dashed lines) and cured (solid lines). The characteristic peak of the
photoinitator at 370 nm vanishes upon exposure while the addition of dye results in an
additional absorption A band between λ = 500 and 700 nm.
The crosslinking reaction of the methacrylate functionalized PDMS depends on the concentration
of TPO-L photoinitiator and excitation dose. Higher concentrations of TPO-L allow fast curing
kinetics, however we are limited by the solubility of TPO-L in silicone. We apply the highest possible
concentration of TPO-L in the present PDMS resist at 2 wt%. To determine the optimal exposure
parameters for this PDMS resist we perform dose-curve experiments with and without the Orasol
Orange dye. For reasons discussed above, Orasol Orange clearly increases the resolution for the
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Figure 5.3: Dose curves for curing of PDMS with and without dye.
PDMS photoresist as can be seen in Fig. 5.3.[217] The voxel curing can be described as:
Cd = Dp× ln(E/Ec) (5.1)
with Cd as the resulting curing depth, Dp penetration depth, both in µm, Ec as the critical exposure
energy and E as the exposure energy, both in (mJ/cm2). The penetration depth (Dp) decreases
from 593 to 293 µm by addition of the dye, while the critical exposure energy increases slightly from
123 to 141 mJ/cm2 (Fig. 5.3). The drop in Dp and increase in Ec allow for improved resolution
during device fabrication.
To investigate the limitations of our PDMS resist towards the smallest possible feature size, we
expose lines with varying thickness l and height with an aspect ratio of 1:1, as shown in Fig. 5.4.
Features with 100 µm in size remain inaccessible, while feature sizes between 150 and 300 µm are
well resolved, however at a reduced size. This process producing smaller than expected features is
reproduclibe, so that it is possible to compensate for the size difference. Structures of 400 µm and
greater show almost no difference between the desired ld and obtained lo line width.
As described above, Dp is approximately three times the height of the exposed voxel, which means
that during exposure of a voxel in one layer, over- and underlying voxels receive leaked exposure
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Figure 5.4: Line width resolution experiments with an aspect ratio of 1:1. The insets show mi-
crographs of printed lines (lo) with parameters for desired widths of ld 100, 250 and
400 µm.
light. To obtain high resolution during multi-layer device fabrication we expose at only 60 % of Ec,
which translates into an energy density of 84 mJ/cm2. This way, leaked exposure radiation will not
lead to undesired features. By contrast, desired features receive the full gelation-dose through light
leaking from the exposure of surrounding voxels.
To investigate the performance of rapidly prototyped PDMS membranes, we fabricate a cross-flow
gas-liquid-contactor based on a Schwarz-P triply-periodic minimal-surface structure.[153] 2× 2× 1
sheet-like TPMS cubic unit cells are produced by geometrical inflation. In this process, the inter-
penetrating channels are sealed and opened respectively on the liquid and gas-sides, as shown in
Fig. 5.5. Chip-to-world connections are introduced during the printing process, so that tubing for
gas and liquid inlets and outlets can be simply coupled to the contactor device. Finally, a glass
slide is used to seal the printed chip. To investigate the contacting performance we observe the
acidification of water using CO2. In the contactor device CO2 needs to diffuse through the printed,
1 mm thick PDMS membrane into the liquid. To observe the change in pH we add a bromothymol
blue indicator to the aqueous phase. The pH indicator displays a blue color at pH values above 7.6
and changes to yellow when the CO2 reduces the pH-value to below 6.0.
We determine pure gas permeabilities using time-lag measurements[218] of rapid prototyped flat-sheet
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Figure 5.5: Rapid prototyped PDMS membrane contactor and artistic rendering of the respective
TPMS structure (inset right). Gas flows horizontally from left to right while the bro-
mothymol blue pH indicator is pumped vertically from the bottom to the top through
the contactor. The color change of the pH indicator from blue to yellow indicates the
CO2 transport over the membrane.
membranes with a thickness of 840 µm. The permanences of nitrogen, oxygen and carbon dioxide
are investigated and shown in Tab. 5.1. From the permeabilities, we derive the ideal selectivities
against N2 and compare our results with literature values of standard PDMS membranes.
[204,207]
Our printed PDMS membranes have similar selectivities but approximately 15 % lower permeabilities
compared with the standard PDMS membranes. This might be due to a higher crosslinking density
in the present material, which is necessary to provide sufficient mechanical strength during and after
the rapid prototyping process. This difference in crosslinking shows also in the increased Young’s
modulus over the standard PDMS material (Tab. 5.1). Despite the reduced performance of the
material, the membrane device can be improved over current state-of-the-art contactor membranes
because our approach allows full freedom in the contactor interface geometry.
Table 5.1: Permeability and selectivity data of different gases in our PDMS resist and PDMS from
literature.[204,207]
Gas Permeabilitya Ideal selectivity over N2 Young’s modulus
b
N2 235 (280) - (-)
O2 523 (600) 2.3 (2) 11.45±2.20
CO2 2611 (3200) 11.1 (12) (1.44±0.20)
aTime-lag permeabilities measured at 35◦C, values in parentheses are taken from ref. [207] for
PDMS RTV 615 measured at 35◦C, in Barrer (1 Barrer = 1 × 10−10 cm3
STP
cm−1s−1cmHg−1)
bYoung’s modulus in MPa, numbers in parenthesis represent values for Sylgard 184 with a ratio
of 10:1, base to crosslinker.
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5.3 Conclusions
We report the direct fabrication of 3D printed PDMS-membranes in a common digital light rapid
prototyper. Our PDMS resist has properties comparable with standard PDMS, although the PDMS
photoresist appears coloured to increase detail resolution of the printed parts. We present the first
direct rapid prototyped three-dimensional PDMS membrane with effective gas transfer properties.
With the technique at hand, we can improve membrane devices and develop novel micro-fluidic
chip geometries. This direct method allows the production of three-dimensional PDMS within
the timeframe of only a few of hours. Our approach offers new device geometries for various
unprecedented applications.
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6.1 Introduction
Membrane bioreactors with submerged membranes are effective for the selective removal of prod-
ucts from fermentation processes in biotechnology applications. This in situ product recovery (ISPR)
technique harvests the desired components in the bioreactor without the alteration of fermentation
conditions. Furthermore, high cell densities and continuous operation can be achieved compared
with batch or fed batch fermentation, while negative effects such as product inhibition can be
avoided.[219]
Important for the fermentation process is to keep the productive organisms at high conversion rates
and remove the product to a sufficient extent. ISPR with submerged membranes matches these
requirements perfectly. Crucial for the fermentation efficiency is the combination of bioreactor and
membrane system. A recent review article[220] highlights different membrane concepts for ISPR
from bioreactors. Individual concepts vary (a) by the membrane type/material, (b) by the position
of the membrane in the bioreactor, and (c) by the antifouling concept. We review recent concepts
according to these categories.
(a) Membranes for ISPR are usually polymeric or ceramic[221] in form of hollow-fibers[222–224] or flat-
sheet membranes.[225,226] Recently novel micromesh flat-sheet membranes made of stainless steel
achieve higher filtration performance compared with sophisticated microsieves.[227]
(b) The position of the submerged membrane determines its performance because primary and sec-
ondary flows in the bioreactor influence both, the filtration efficiency and the extent of fouling.
Membranes can be placed at the bottom of the reactor[228–230] where an impeller forces fluids to-
wards the flat-sheet membrane surface. Membranes are also aligned at the reactor side walls. Here
either hollow-fibers[222,223] or flat-sheets[231,232] circle the impeller. Since the fluid velocities elevate
in this region, shear rates rise on the membrane surface and prevent fouling. The space between the
impellers of a multiple-blade stirrer facilitates another opportunity to position membranes. Here V
or U shaped ceramic membrane modules filter horizontally around the impeller shaft.[221] Moreover
vertical membrane modules harvest product between the reactor wall and the stirrer.[222,223] Tubu-
lar bioreactors with integrated hollow-fibers where first examples for in situ aeration and product
removal.[224,233,234] Membranes themselves can also create the fluid movement in the reactor. A
”Super-Spinner” from Satorius Stedim Biotech[235,236] uses hollow-fiber membranes for bubble-free
oxygen aeration. The fiber is curled several times around two bars, where the bottom one is magnetic
and functions also as stirring bar. The ”Super-Spinner”supplies substrate through the membrane to
the reactor and does not remove anything from it. Nevertheless, the devise is capable of ISPR just
by exchanging the hollow-fiber to an ISPR suitable membrane and reversing the flow direction from
feeding to recovering.
Spin filters[237–239] are also rotating ISPR devices where the membrane area recovers product and
mixes the liquid simultaneously. Rotating cylindrical metal filters inside a reactor actuate fluid
movement between reactor wall and spin filter while the culture harvest is removed through the filter
66
6.1 Introduction
towards the inner department. This set-up filters large volumes without membrane clogging from
retained cells.
(c) Since fouling during ISRP lowers filtration efficiency,[220] different anti-fouling concepts for indi-
vidual bioreactors are currently being discussed in literature. Backflushing of fluids such as medium,
filtrate or air remove foulants from the membrane surface.[227,240,241] Various backflushing tech-
niques with different intervals and frequencies recover the product flux to its initial value.[220,242–244]
Moreover membrane vibration,[242,245–247] agitation[221,241,248] and aeration[230,241,243] reduce foul-
ing significantly.
However, an ISPR system which (1) requires no additional space in a top-stirred reactor (2) does
Aeration
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Figure 6.1: Impeller of membrane stirrer fabricated via digital light processing. Micromesh mem-
branes are attached to each impeller blade and screwed with a stainless steel frame
onto an O-ring sealing. Each mesh filters with an area of 10.5× 7.5 mm while a 1 mm
outlet aerates from the bottom of each blade.
not need further reactor installations and (3) integrates an aeration system for enhanced oxygen
levels and reduced fouling has never been reported up to now.
Since space limitations often occur in small and lab-scale bioreactors, submerged membranes should
require as little as possible space. These limitations are in contradiction with a large membrane area
which is actually needed for the filtration. However, in mammalian cell fermentations conversion
rates are low and therefore small membrane areas are sufficient. An ISPR system which is integrated
in an overhead stirrer requires no additional space. Moreover, the hydrodynamic conditions at the
stirrer blades favor membrane filtration. Stirring rates directly impact the induced turbulence on the
membrane surface. Literature shows that higher stirring rates in combination with aeration not only
prevent fouling but also increase dissolved oxygen.[249]
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As disposable single-use components emerge in biotechnology, fermentation in single-use bag biore-
actors attracts attention in recent years.[250,251] Usually single-use bags are mixed by shaking but
the ”Single-Use Bioreactor” from ThermoFisher Scientific, UniVessel from Sartorius Stedim Biotech
or Mobius CellReady from Merck Millipore are single-use systems with a top driven impeller.[252]
Contamination probability rises with the number of connection ports to and from disposable bag sys-
tems. The incorporation of all built-in components to the flexible reactor wall is another challenge.
In general, a combined membrane/aeration/stirrer approach would reduce the number of ports since
one port is used for multiple purposes. Additionally a full disposable, reduced-port ISPR bag system
with an overhead stirrer, submerged membranes and aeration can be established if such a system
is installed in the stirrer itself. This overhead stirrers function beyond lab-scale operations unlike
magnetic stirrers and can be operated in large bioreactors. Media with increased viscosity which
results from high cell densities can be handled.
In this work, we describe the functions and performance of a membrane stirrer for ISPR with flat-
sheet micromeshes directly attached to the impeller blades in a lab-scale bioreactor. The product
is recovered through the stirrer tube, where additionally an internal capillary supplies aeration, as
shown in Fig. 6.1 and 6.2. The stirrer resembles a compact device for ISPR and aeration and has a
wide operation range.
Figure 6.2: Membrane stirrer, overhead stirrer with push-through option and the ability to change
rotation direction. The red product line is decoupled by two 360◦ rotatable swivel
joints and a t-piece form the stirrer shaft. The supply line in the inner capillary is also
decoupled by a 360◦ rotatable swivel joints at the top of the setup.
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6.2.1 Stirrer fabrication
The bottom stirrer part with the attached blades is 3D-printed with a commercially available Perfac-
tory Mini Multilense digital light processing system from Envisiontec GmbH (Gladbeck, Germany).
A CAD model of the impeller is designed with Solidworks CAD software, shown in Fig. 6.1. Sub-
sequently, this CAD part is sliced in z-direction into several layers each with a thickness of 100 µm.
The printer illuminates 1400× 1050 pixel with a size of 30× 30 µm for 9.5 seconds onto a liquid
photo polymerizable resin in order to gain a 100 µm thick layer. Layer-by-layer wise the part is built
from the cured resin. The prototyped eShell600 material from DeltaMed is designed for hearing aid
components and biocompatible according to ISO 10993 having a tensile strength of 51.6 MPa and
a Shore D hardness of 85.
The stirrer has a diameter of 60 mm and a total height of 25 mm (Fig. 6.1). Any other dimen-
Figure 6.3: Setup of the membrane stirrer. The product line is decoupled from the rotating stirrer
shaft and subsequently connected to a pressure sensor and a peristaltic pump before
the product stream is measured by a balance.
sions up to a stirrer diameter of 85 mm is possible as well. Each blade is 25× 20 mm in size with
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10.5× 7.5 mm indentation for the membrane. The membrane is screwed with a stainless steel frame
onto an O-ring sealing which makes it also suitable for other membranes. The product channel
is connected to a 8 mm stainless steel tube with a wall thickness of 1 mm. This tube resembles
the impeller shaft, transfers the momentum from the engine to the stirrer blades and transports
the product. We integrate a second fluid channel for aeration with outlets below the membrane
indentations of each blade. They have a diameter of 1 mm and are positioned centered below the
membranes. This 1 mm diameter represents common ring sparer outlets and will produce bubbles
> 4 mm[253] but can be altered individually for specific aeration tasks. In fact, the sparging efficiency
in combination with this new stirrer configuration requires a second research activity as this is a
matter of extensive research for submerged membrane bioreactors.[249,254,255] Each gassing channel
is combined into a single 1/16” stainless steel capillary which is positioned inside of the product
removal tube (see magnification in Fig. 6.2). The impeller is connected by threads and additionally
fixed with epoxy glue to the capillary and the tube.
Three 360◦ rotatable swivel joints decouple the revolving stirrer shaft to tubing for product removal
and pressured air stream, tubing connectors and a T-piece purchased from Landefeld Druckluft und
Hydraulik and Swagelok, shown in Fig. 6.2.
6.2.2 Micromesh membranes
We use 425× 2800 Dutch Twilled Weaver stainless steel micromeshes with 16.5 to 18.5% of chrome
from Haver & Boecker (Oelde, Germany). The mesh has a negative surface charge and a nominal
filtration grade below 1 µm. This grade describes 95% particle retention for the mesh. The absolute
grade of filtration where all particles are retained is at 5 - 6 µm for the mesh. The mesh is 0.06 mm
thick and has a porosity of 25%. The effective membrane area for one blade is 78.75 mm and in
total this area sums up to 315 mm2.
6.2.3 Membrane stirrer setup
For stirring, a commercial overhead lab stirrer Eurostar 100 control from IKA-Werke GmbH is used.
It is chosen because of its reversible rotating direction and the possibility to push the stirrer shafts
through the actual engine. The push-through ability is utilized after fabrication of the stirrer before
the shaft is connected to the rotatable swivel joints. A glass tank with a volume of 2 L serves as
bioreactor. The height and diameter are 180 mm and 140 mm respectively. Product is removed by
a 6 wheel peristaltic pump from Ismatec and measured with an Acculab balance from Sartorius.
Between pump and stirrer, a 1.6 bar pressure sensor from Wika with a relative tolerance of 0.2%
monitors the transmembrane pressure difference (TMP), shown in Fig. 6.3. The TMP is calculated
based on the ambient pressure minus the pressure in the permeate line ∆TMP = pambient− ppermeate
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[bar]. Stirrer, pump, balance and pressure sensor are handled with LabVIEW software. To showcase
our approach we operate with a perfusion rate of 0.76 1/d and aeration rates of 0, 0.75 and 1.5
volume air per volume liquid per minute.
6.2.4 Solutions and suspensions
A fermentation suspension was produced with 75 g commercially available baker’s yeast and 1.5 L
deionized water with 9 g/L NaCl. The average yeast cell size is 4.9 µm, with most cells in a range
of 5 - 6 µm. This size is approximately the absolute filtration grade of the mesh. Therefore, not all
but more than 95% of the cells are retained from the mesh leaving only small cells in the product
suspension. The cell retention is described by the number of cells retained from the membrane divided
by the number of cells in the reactor. Cell sizes, cell distribution and retentions are measured with
a Multisizer 4 Coulter Counter and described by Carstensen et al.[220] These measurements not
only proved the tightness of the mesh sealing of the stirrer but also the reproducibility of the feed
composition.
6.2.5 Experimental procedure
The experimental procedure involved a 15 min filtration cycle carried out at a flux of 200 liter per
square meter per hour (LMH).
volume flow =
flux
Amem
(LMH×m2) or (l/h) (6.1)
Hence, the removed volume flow is about 1.05 mL/min. After filtration a 26 s backflushing sequence
is added to remove fouling and cake-layer formation. During this step a flux of 650 LMH is applied
and 10% of the filtrate volume is backflushed. This procedure describes one filtration cycle. In the
first step of each cycle, the transmembrane pressure difference between the beginning and end of
the filtration is monitored.
TMP difference = TMPend of filtration step−TMPbeginning of filtration step (bar) (6.2)
The TMP difference is averaged over the number of filtration cycles. Each experiment included four
filtration and backflush steps.
average TMP difference =
∑n
i=1 (TMP difference)i
number of cycles i
(bar) (6.3)
The irreversible fouling is rated by the slope of the line of best fit calculated by the TMP after each
backwash cycle.[256] The irreversible fouling rate, described in units (mbar/min), measures therefore
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the fouling rate which cannot be prevented by backflushing. The stirrer performance was analyzed
by the influencing factors: stirring direction, rotation speed and aeration quantity (Tab. 6.1). If the
stirrer is operated clockwise , the mesh is pushed through the liquid facing the fluid on the front
side. In counterclockwise mode 	, the meshes are on the backside of the impeller and are pulled
through the yeast suspension. The rotation speed is set to 0, 150 and 300 rpm. For a speed of zero
rpm a magnetic stirrer with 300 rpm was used in order to prevent settlement of the yeast cells in
the solution. Aeration quantities were of 0, 1.5 and 3 liter per min.
Table 6.1: Set of experiments. Parameters are the rotation direction (push/pull), rotation speed
and aeration rate.
Mesh direction Rotation speed Aeration
(rpm) (L/min)
Push  0 0
150 1.5
300 3
Pull 	 0 0
150 1.5
300 3
6.3 Results and discussion
6.3.1 TMP profiles
We interpret the stirrer performance by the recorded TMP over filtration time. Desired are low
TMP values and a total pressure difference between reactor and product collection reservoir of
1 bar caused by the limits of the peristaltic pump. An effective fouling prevention is indicated
by an irreversible fouling rate close to zero. A vanishing fouling rate ensures constant filtration
over extended fermentation periods. A typical TMP profile over the filtration time is shown in
Fig. 6.4, where the circles represent the TMP. The TMP peaks at 0.2 bar which is comparable
with a submerged membrane filtration reported by Carstensen.[227] The TMP increases over the
filtration time in each cycle. During the backflushing step the TMP drops - from the dark grey
circle to the light grey circle - and the next filtration cycle begins. The TMP difference during the
backflushing step describes a straight line between the last TMP of a cycle and the first data point
of the new filtration cycle. The TMP difference (Eq. 6.2) of the first cycle is 0.1 bar. For the six
cycles shown in Fig. 6.4, the average TMP difference (Eq. 6.3) is also 0.1 bar. The line of best fit
calculated with the TMP values at the start of a new filtration cycle (light grey circles in Fig. 6.4)
indicates the irreversible fouling on the mesh surface. The slope for the shown profile is 2.12 mbar per
minute. TMP profiles in general show a TMP increase during filtration and decrease during backflush
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independent from stirring direction, rotation speed or aeration quantity. Filtration experiments with
pure water showed that neither rotation speed nor the aeration amount has significant influence
onto the TMP differences. The TMP raise during pure water experiments is zero and no fouling is
determined. This observation shows that rising TMP differences are caused by the homogeneously
mixed yeast cells which accumulate on the mesh surface building a cake layer.
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Figure 6.4: TMP profile for the membrane stirrer where the meshes are pulled and operated at 150
rpm without aeration. The TMP difference of a filtration cycle which begins every 15
mins is calculated by the difference from the last (dark grey) and the first (light grey)
TMP value of the cycle. The average of these cycle TMP differences is the average
TMP difference. The linear equation y = ax+b of the line of best fit for the first TMP
values (light grey) in each filtration cycle indicates the irreversible fouling rate with a
as slope parameter in mbar/min.
6.3.2 Influence of stirring speed
Fluid mixing in the bioreactor keeps convective mass transfer high for nutrient supply. Moreover
equally distributed cells minimize supply limitations. Hence, the membrane stirrer should rotate at
speeds where yeast cells do not settle down. We record a reference TMP profile for zero rotational
speed of membrane stirrer by adding a magnetic stirrer bar which rotates fast enough that no cell
settlement occurs simulating stirring speeds close to zero. Therefore, the reference experiments
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Figure 6.5: TMP profiles for a) pushed and b) pulled membrane with varying rotation speeds
without aeration
show similar, but lower TMP profiles since the stirrer filters a solution with lower cell densities
at the membranes because most cells are near the reactor bottom. Nevertheless, hydrodynamic
conditions differ to rotation speeds above zero. These experiments are limited to a comparison with
higher stirring rates.
The impact of the stirring speed depends on the rotation direction (Fig. 6.5). We observe a rising
TMP for an increased speed from 150 to 300 rpm (0.11 to 0.14 bar in Tab. 6.2) for the pushed
version in Fig. 6.5a. On the contrary, the TMP declines for the pulled mesh (Fig. 6.5b) if the
rotation is adjusted from 150 to 300 rpm (0.10 to 0.08 bar in Tab. 6.2). The rising TMP of the
pushed mesh (Fig. 6.5a) is caused by the yeast cells which are pushed onto the mesh surface and
build up to a thick cake-layer. This effect intensifies with higher speeds and leads to steeper TMP
gradients during filtration.
In contrast to this, the pulled mesh (Fig. 6.5b), where the membranes are on the backside of the
impeller, the liquid in not directly pressed onto the membrane. This fact changes the hydrodynamic
conditions and the mesh surface might be faced with crossflow vortices. Since higher rotation
speeds enlarge these vortices, increased speeds result in enhanced shear rates on the mesh surface
causing a TMP decline.
The averaged TMP difference for the pushed mesh at 300 rpm is a little higher (0.14 bar) than for
the pulled configuration (0.08 bar), shown in Tab. 6.2. Moreover, irreversible fouling occurs for all
speeds above zero.
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6.3.3 Influence of aeration
The influence of aeration for each stirring direction and rotation speed is ambiguous (Fig. 6.6). The
graphs show varying aeration rates for the pushed mesh configuration for a) 150 rpm, b) for 300 rpm
and the pulled mesh configuration for c) 150 rpm and d) for 300 rpm. The filtration performance in
graphs b - d is best without aeration followed by an aeration rate of 3 L/min. If the reactor is aerated
with 1.5 L/min, the TMP values peak in Fig. 6.6b - d. We assume that hydrodynamic interactions
between gas and liquid phase cause this maximum at 1.5 L/min.
For the pushed mesh with 150 rpm TMP profiles are independent from aeration rates (Fig. 6.6a).
On the contrary, TMP values for 300 rpm are in general higher (section 6.3.2), but show also greater
dependence on aeration rates (Fig. 6.6b). TMP values from the second filtration cycles onwards
increase with aeration compared with experiments without aeration.
If the mesh membranes are pulled (Fig. 6.6c and d), the TMP profiles for 150 rpm with zero and
3 L/min aeration show similar trends. Worth to emphasize is the TMP profile for 1.5 L/min at
150 rpm with a steep increased TMP difference over time compared with 3 L/min aeration or no
aeration. Nearly uniform TMP profiles also apply for 1.5 and 3 L/min aeration rates at 300 rpm
rotation speed (Fig. 6.6d). Here the experiment without aeration shows best overall performance
with low TMP and no visible irreversible fouling.
Table 6.2: Average TMP difference (bar) measured over all filtration cycles for pushing and pulling
mesh orientation and their standard deviation.
Push  Pull 	
Aeration (L/min) Aeration (L/min)
Speed (rpm) 0 1.5 3 0 1.5 3
0 0.05±0.01 0.03±0.01 0.06±0.01 0.05±0.01 0.03±0.01 0.06±0.01
150 0.11±0.03 0.13±0.01 0.11±0.01 0.10±0.06 0.13±0.06 0.12±0.07
300 0.14±0.01 0.22±0.02 0.13±0.06 0.08±0.01 0.12±0.09 0.11±0.07
Table 6.3: Statistically significant irreversible fouling rate for pushing and pulling mesh orientation
in mbar/min. Missing values, indicated by (-), have a coefficient of determination R2
below 65%
Push  Pull 	
Aeration (L/min) Aeration (L/min)
Speed (rpm) 0 1.50 3 0 1.5 3
0 0.15 - - 0.15 - -
150 0.17 0.29 0.35 2.12 3.93 3.17
300 0.63 6.34 3.89 - 4.06 2.34
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Figure 6.6: Influence of aeration shown for varying mesh rotation directions and speeds. Pushed
meshes for 150 rpm and 300 rpm are shown in a) and b). TMP profiles for the pulled
mesh are given in c) for 150 rpm and d) for 300 rpm. Aeration rates are changed
between 0, 1.5 and 3 L/min.
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6.3.4 Average TMP differences and irreversible fouling
The average TMP difference and irreversible fouling rate (section 6.2.5) evaluate the measured
filtration and backflush cycles. For continuous operation and long term stability, the average TMP
difference in combination with the irreversible fouling rate should result in TMP values below the
1 bar pressure difference operation limit of the peristaltic pump in this setup. Hence, low fouling
rates and average TMP differences are desired, which are given in Tab. 6.2 and 6.3. For rotation
speeds of zero the values are equal for each stirring direction. Tab. 6.3 presents only fouling rates of
statistical significance; the missing values have a coefficient of determination (R2) below 65% which
indicates that the linear fit is not sufficient.
The average TMP differences confirm the results from the evaluation of TMP profiles (Fig. 6.5 -
6.6); the pulled mesh performs with lower TMP differences. An aeration rate of 1.5 L/min maximizes
average TMP differences independent from the rotation direction. In contrast to the average TMP
differences, the irreversible fouling rate in Tab. 6.3 indicates better long term performance for the
pushed compared with pulled mesh. With respect to the rather low filtration time of 90 min,
the validity of the results for a realistic filtration time > 1 week is limited. Moreover, a better
validation can be achieved with an increased number of cycles, added by a systematic long-term
investigation of the occurring fouling phenomena. In summary, we achieve most stable conditions
for the membrane stirrer at 150 rpm and pushing mesh rotation for all aeration rates. The found
operation conditions only describe the inherent filtration parameters and have to be validated within
a realistic fermentation. We showcase that the stirrer is capable of filtering a synthetic yeast cell
solution varying stirring and aeration conditions.
6.3.5 Membrane stirrer in real fermentation processes
The new membrane stirrer integrates process steps of filtration, stirring and aeration into a single
device. For realistic fermentation, one needs to control each of the steps precisely and it is of
importance to be able to do so for the membrane stirrer. Stirrer geometry determines the maximum
membrane area that can be installed and which perfusion rates can be realized. The influence of the
stirrer towards fermentation parameters has not been shown yet. Here more research is necessary to
show the individual effects to parameters such as cell growth and oxygen intake. Furthermore the
pathway for an upscale to larger bioreactors and long term stability of the stirrer is of interest.
6.4 Conclusions
This contribution describes the concept of a stirrer with an integrated micromesh membrane for
ISPR in aeration in a single device. The device removes product continuously from a bioreactor and
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stirs the suspension permanently. Additional aeration can be applied by a separated feeding line. If
aeration is not desired or necessary, other substrates can be feed to the bioreactor via this feeding
line. Hence a fed-batch or continuous operation mode with a constant reactor volume is possible
if nutrient suspension is fed with an equal volume than the removed product. In future, single-bag
systems with such a stirring concept can reduce the number of ports significantly and overcome
most space limitations within lab-scale microbial bioreactors. For this purpose real fermentation
experiments are required.
The filtration performance of the membrane stirrer is influenced by (1) rotation direction, (2) the
rotation speed and aeration rates. The individual effects of these parameters could be demonstrated.
The stirrer operates within an operational window which is close to lab-scale microbial fermentation.
Perfusion rates are low but can be enhanced by larger membrane areas, impeller blades or increased
fluxes. Additionally, we can individualize the stirrer for a specific fermentation process by choosing
the very best product-membrane combination.
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7.1 Rapid prototyping in membrane technology
This thesis shows the first approach to introduce rapid prototyping in membrane science. Multiple
applications of rapid prototyping in the membrane field were revealed and solutions were given.
Three-dimensional fabrication with freedom-of-design has the potential to further penetrate into
research activities in membrane science, both in the production of novel membranes and membrane
devices.
Novel membrane shapes based on triply-periodic minimal-surfaces were systematically analyzed as
candidates for three-dimensional membrane geometries. Their geometry induced heat transfer in-
creases by an order of magnitude compared with geometrical equivalent hollow-fiber or flat-sheet
membrane shapes by just having minor additional pressure losses. This thesis not only suggests
enhanced membrane geometries but also proposes two fabrication methods (indirect and direct) for
such TPMS membranes.
The indirect approach via prototyping of a sacrificial mold and subsequent backfilling has the ad-
vantage of using the unmodified PDMS membrane material. Hence, membrane properties are not
altered by the production process. This leads to the possibility of shaping an high-performance gas
membrane into a high-performance shape. This combination has the potential to improve membrane
efficiency in many applications. Moreover, the shown technique is not only limited to membrane
technology but can be applied in other field such as microfluidic or biotechnology were especially
PDMS is a widely used as base material.
The direct prototyping approach produces a modified PDMS silicon into a real three-dimensional
architecture. The novel membrane material or prototyping resist is about ten times more rigid but
also nearly as permeable as common PDMS. Both methods (indirect and direct) are the first ever
reported fabrication techniques for fully three-dimensional membranes.
Moreover, a novel membrane device for in-situ product recovery with integrated aeration and sub-
strate feeding was described. Only rapid prototyping allows the combination of all these function-
alities into a single device. A general application range was defined and functionality was proven.
Although more research is needed for a marketable product in biotechnology. The given examples
prove that rapid prototyping is a valuable production method for various applications in membrane
technology.
7.2 Outlook on prototyping of membranes
Membrane fabrication is a challenging task. Material scientists push membrane performance to its
limit by developing new recipes for enhance materials. Membrane preparation involves usually com-
plex chemistry. Hence, most membrane formation methods are not suitable for rapid prototyping.
Although this seems very unfortunate, this thesis showed that rapid prototyping of membranes is not
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impossible. The potential for rapid prototyped membranes is high and should be further discussed.
This thesis favored dense membranes formation techniques over porous ones because of a difficult
pore creating task. Apart from two-photon polymerization, no other rapid prototyping method has
enough resolution to ’print’ pores directly. Therefore, other pore building strategies such as phase
separation or porous sintering are required. For phase separation a two-step production process is
necessary, in which a prototyped membrane is chemically treated with a three-dimensional phase
separation process. More feasible seems the production of porous membranes by selective laser
sintering or melting, where the raw material powder particles leave free volume directly (SLM) or
after their subsequent sinter process (SLS). Another pathway towards a porous membrane could
be based on the developed water soluble resist. The resist template is used as three-dimensional
substrate to grow porous bio-polymers into it to reveal three-dimensional porous scaffolds.[257] For
dense membranes - including the developed PDMS gas-exchange membranes - possible applications
are in closer range. The TPMS structured unmodified PDMS membranes are suitable for blood-
oxygenation. Here the combination of lung-mimicking structures with high permeabilities become
useful for tailoring an oxygenator membrane for blood flow. Membrane and device can be design
for the special requirements blood demands. Longterm hemocompatibility without blood damaging
low or high fluid flow velocity regions are desired. Therefore, rapid protoyping is the ideal technique
to tail the membrane this challenging task. The lightweight TPMS structures functioning as rigid
membranes with integrated spacers appears as suitable candidates for applications with high pres-
sure differences across the membrane or applications where phenomena as concentration polarization
hinder the mass transport.
The effective area usage of tailored membranes favor space limitations in the biomedical sector.
Patient specific membranes or modules can be designed from patients data such as CT-scans.
Moreover, cost sensitivity for medical implants and devices favor the rather high production cost of
rapid protoyped membranes.
The integration of membrane and spacer might become handy in electro dialysis or electro chemical
reaction design. Interesting is here the interaction of the electrical field, the membrane-electrode
geometry onto reaction performance.
7.3 Outlook on prototyping of membrane devices
A membrane is nothing without a module. Only the combination of membrane and module with seal-
ing and connections enables the operation. Most membrane scientist optimize rather the membrane
than the module although the module and their operation parameters determine the overall perfor-
mance. This thesis showed that geometry matters not only for enhanced membrane performance
but also for module performance. Rapid prototyping produces novel membrane module devices with
tailored properties for the used membrane or application. Reduced design-to-device times bring
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membranes faster to their point-of-use. Moreover, rapid prototyping can fabricate novel modules
with enhanced functions. For example, an optimized module design prepared by CFD simulation
results could be directly tested in actual membrane module in a short time. The CAD data can used
simultaneously for CFD simulations and parts prototyping.
Another critical issue in membrane technology is fouling. Fouling decreases the efficiency of the
membrane over time. Here, too, fouling behavior is influenced by the interaction of membrane and
module. Since, rapid prototyping allows unprecedented designs, modul-induced anti-fouling strate-
gies become possible. Here prototyped modules benefit from the rising interest in single-use products
in biomedicine and biotechnology where prototyping can surely keep up with the demands of mass
production.
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